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l'ItEFACE

These proceedings contain the papers that were submitted for the Fourth ASTM EUllATOM
Symposium on Heactor Ibimetry. This series of biennial international symposia brings together
specialists from many countries to provide a forum for the exchange of new and critical infor-
mation concerning the techniques and applications of neutron and gamma dosimetry in materials
irradiation studies.

These Symposia ser e as the main reporting base for work associated with the improvement,
standardization, and maintenance of dosimetry, damage correlation, and the associated reactor

analysis procedures and data used for predicting the integrated effects of neutron exposure on
fuels and materials for light water reactor (LWR), fast breeder reactor (FBR), and magnetic
fusion reactor (MFH) nuclear power systema. The ultimate goal is to obtain international stan-
dardization of dosimetry methods with quantified uncertainty limits.

The first meeting, at the Joint Research Center (JRC), Petten (September 22-26,1975), was
directed towant defining the status of dosimetry and damage analysis programs and identifying
the needs of the dosnnetry community.

The second meeting, at the Electric Power Research Institute (EPRI), Palo Alto (October 3-7,
1977), emphasized the data, methods, and techniques used to characterize the neutron environ.

ment and the use of well-characterized neutron fields for irradiation programs on fuels, cladding,
and structural materials.

The thini meeting, at JRC, ispra (October 1-5, 1979), focused on the interface between
material experts and dosimetry metrologists.

The theme of the present symposium was radiation metrology techniques, data bases, and stan-
dardization. Application and requirements for radiation metrology of irradiated fuels and materi-
als in fission and fusion technology were emphasized. The following topics involving light water
reactors, fast breeder reactors, and fusion reactors were covered: '

- Characterization of Ensironments
- Irradiation Monitoring of Experiments
- Adjustment Codes and Uncertainties
- Benchmark Fields and C,libration Procedures

- Nuclear I)ata Needs and Problems
- Metrology Techniques (nev developments and improvements)
- Itadiation 1)amage Correlations and I)amage Analysis Techniques
- Nuclear IIcating and Gamma Ray I)osimetry
- Neutron and Gamma Hay Transport Calculations
- 1.WH Surveillance I)osimetry.

The Symposium was attended by 119 participants from 15 countries. The Proceedings contain
the full texts of approximately 100 papers plus highlights by the chairmen of the 11 sessions
and 4 workshops. The following papers were presented at the Symposium but were not submit-
ted for these proceedings:

* E. Opperman (llEI)l.), &perimentation in the F3f/T.
* A. I ose (U& W), Il&lr Integrated Surt eillance Program.

xi



i

xii

* S. Anderson (Westinghouse Nuclear Tech. Div.), Sensitivity of Vessel Exposure to Porter
Distribution Uncertainties.

* S. E. Yanichko, T. R. Stager, and R. G. Lott, Transition Temperature Behavior of
irradiated, Annealed, Reirradiated, and Reannealed Submerged Arc Welds.

* E. P. Lippincott et al., HEDL Reactor Dosimetry Center.
* E. P. Lippincott et al., FTR Dosimetry Sleasurement Laboratory.
* G. L. Guthrie et al., Slonte Carlo Studies Indicating that least Squares is a Biased

Estimatorfor the Charpy Shift Fluence Exponent.

One paper by W. Schneider, Comparison and Limitation of Uncertainties in Surveillance and
Lifetime Prediction of LWR Pressure Vessels, was prepared for the CAPRICE planning meet.
in6 at the Symposium and is included with the papers of the Damage Correlation Session.

The following two papers have been replaced by A. Fabry:
1. Progress Report on the Belgian Contribution to the Improvement of LWR Pressure

Vessel Steel Embrittlement Surveillance, and

2. PCA and PSF Neutronic Characterization, by one paper titled improvement of LWR Pres-
sure Vessel Steel Embrittlement Surveillance: Progress Report on Belgian Activities in
Cooperation seith the USNRC and Other R&D Programs.

In most instances the papers were submitted in camera. ready form and were printed as sub.
mitted.

A Certificate of Recognition was presented to C. Z. Serpan (former chairman of ASThi Sulcom.
mittee E10.05 on Dosimetry) and Ugo Farinelli (former chairman of the EURAT0h! Working
Group on Reactor Dosimetry) for their foresight and joint efforts in establishing and strongly
supporting this highly successful series of ASul.EURATOh! International Symposia on Reactor
Dosimetry.

I wish to express my appreciation to all those whose efforts made this Symposium possible. The
assistance of the National Bureau of Standards for hosting the meeting, the assistance and
cooperation of the ASThi and EURAT0h! Program Committee, and the continuing support of
the US. Nuclear Regulatory Commission, who provided the simultaneous translation services
and will publish this proceedings, are all gratefully acknowledged.

Finally, special thanks to Vivian Jacobs, Carol Johnson, and the technical publication staff for
their excellent job of editing, compiling, and publishing these proceedings in such a short time
period.

F.B.K.Kam
Program Committee Chairman
Oak Ridge National Laboratory
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WELCOMING HEMARKS

J. D. Iloffman
Director of the National Measurement Laboratory

National Bureau of Standards
Washington, DC

Welcome to the Symposium on Reactor Dosimetry and to the National Bureau of Standards.

This International Symposium, the fourth in a bienniel series, is sponsored jointly by EURA.
TOM and the American Society for Testing and Materials and, more specifically, by the U.S.
Nuclear Begulatory Commission, the Electric Power Research Institute, the U.S. Department of
Energy, and the U.S. National Bureau of Standards.

You have come from more than 12 countries in Europe, Asia, and the Far East to share your
knowledge on radiation metrology of irradi-ted fuels and materials in fission and fusion technol-
ogy.

The first meeting in this series was held in Petten, The Netherlands. The emphasis there was on
defining the state of the art of neutron metrology and damage analysis and identifying the
requirements of the dosimetry community. The second meeting, held at Palo Alto, California in
1977, emphasized the data methods and techniques use,d to characterize the neutron environ.
ment and the utilization of well. characterized neutron fields for irradiation of nuclear fuels, clad-

ding and rtructural materials. The third conference, in Ispra, Italy in 1979, was designed as an
interface between materials experts and dosimetry metrologists. Benchmark fields and calibration

procedures, nuclear data requirements, radiation damage analysis, neutron and gamma ray
transport problems, and adjustment codes and uncertaintes are topics that will be discussed dur-
ing this meeting.

Of the many people who had contributed to the success of these meetings over the past seven
years, there are two who can genuinely be said to be the founders of. the entire series. We are
greatly indebted to Ugo Farinelli, of the National Center for Nuclear Energy in Casaccia, Italy,
and to his counterpart in the United States, Charles Serpan of the U.S. -Nuclear Regulatory
Conunission. Additional thanks go to Jean. Pierre Genthon, who has so capably chaired the
European committee for this symposium. Also appreciated are the efforts of William McElroy, (
Chairman of the ASTM Symposium Committee, and Frank Kam, who is Vice. Chairman of the
conunittee and Chairman of the Program Committee.

In addition to the programs that pertain directly to reactor dosimetry, the National Bureau of
Standants is engaged in numerous projects in related fields. Our radiographic capability ranges
from examining nuclear fuel and waste products to the study of rare paintings and artifacts
from antiquity. Recently, a major new facility was developed for small. angle neutron scattering
that can be used for nondestructive studies of microstructure in steel and other alloys, including
those used for reactor pressure vessels. Ilecause the primary responsibility of the National
Itureau of Standanis is measurement methods and standards and data, we are particularly
pleased to be hosting this meeting on reactor dosimetry. On behalf of the National Bureau of
Standants and, in particular, the National Measurement Laboratory, I wish you a productive
conference.

xiii
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SURVEILLANCE 00SIMETRY OF OPERATING POWER PLANTS *

W. N. McElroy, A. I. Davis, R. Gold, G. L. Guthrie, L. S. Kellogg,
A. C. Leaf, E. P. Lippincott, D. L. Oberg, F. A. Schmittroth,

and R. L. Simons (HEDL); F. B. K. Kam, R. E. Maerker and.

F. W. Stallmann (ORNL); J. A. Grundl and E. D. McGarry (NBS);
A. Fabry and H. Tourwe (CEN/SCK); H. Farrar IV and B. M. Oliver (RI).

SUMMARY OVERVIEW

General Design Criterion 31 of Appendix A
NuclearPowerPlants,"to10CFRPart50,(I)GeneralDesignCriteriafor

"

" Domestic Licensing of Pro-
duction and Utilization Facilities," requires, in part, that the reactor
coolant pressure boundary be designed with sufficient margin to ensure
that, when stressed under operating, maintenance, testing, and postulated
accident conditions, 1) the boundary behaves in a nonbrittle manner and
2) the probability of rapidly propagating fracture is minimized. Appen-
dix G, " Fracture Toughness Requirements," and Appendix H, " Reactor Vessel
Material Surveillance Program Requirements," necessitate the prediction
of the amount of radiation damage to the reactor vessel of water-cooled
power reactors throughout their service life.

With reference to the United States NRegulatory Guide 1.99, Revision 1,(2)uclear Regulatory Commission (NRC)t the two main measures of radia-
tion damage are the adjusted reference nil-ductility temperature RTNDT
(RTNDT initial + ARTNDT) and the decrease in upper-shelf energy level deter-
mined from Charpy V notch impact tests. The current measures of neutron
exposure most commonly used are fluence > 1 MeV and displaced atoms (dpa).

One category of postulated accidents, thermal shock, is the result of loss
of pressure vessel (PV) coolant with the subsequent introduction of colder
emergency cooling water, which co q
the initially hot (s550"F) vessel. J)in contact with the inner surface ofThe resulting decrease in tempera-

i ture and the development of high thermal stresses at the inner surface
introduces the possibility of propagation of pre-existing inner-surface'

flaws. Figure 1 is a block diaoram for a computer code, OCA-I, which was
recently developed for calculating the behavior of flaws on the inner
surface of g gressure vessel subjected to temperature and pressure
transients.d1

*

1 This paper serves also as the 1981 annual report for the LWR pressure
Vessel Surveillance Dosimetry Improvement Program.

*This is identified as Regulatory Guide 1.99.1 throughout the text.

,
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Of immediate interest for this paper are the surveillance program require-
ments and what is being done to obtain and document needed information
related to: 1) the inner surface neutron fluence (Fo), 2) the 1/4 T neu-
tron fluence, 3) flux levels and fluence and dpa gradients in the PV, 4)
the PV steel initial reference nil-ductility temperature, RTNDTo, :nd 5)
the steel property trend curves of ARTNDT and the upper shelf energy
decrease versus the fluence (and dpa) derived from test reactor and power
reactor surveillance programs.

The NRC established the Light Water Reactor Pressure Vessel (LWR-PV) Sur-
veillance Dosimetry Improvement Program in 1977 to improve, standardize and
maintain dosimetry, damage correlation and the associated reactor analysis
procedures used for predicting the integrated effects of neutron exposure to
LWR-PVs. About the same time, the Electric Power Research Instityte (EPRI)
established its own experimental and analytic Dosimetry Program.L'1 The
objective of the program has been to carry out measurements in operating
power reactors for use in benchmarking new and improved methods of physics-
dosimetry analysis. Of particular interest for both the EPRI and NRC

giesbasedonleast-squaresadjustmentprocedures.tgs-gosimetrymethodolo-
programs has been the development of advanced physj

,81 A brief overview
of these and related programs and an overall program status report are
provided in References 5 and 6, respectively. More complete information on
the EPRI program work is provided in References 7 and 8. Major benchmark
test facilities used or being established for this interlaboratory program
work are discussed in References 5 through 8. In Table 1, these as well as
other key benchmarks are identified along with the development time frame,
participants, and their intended purpose and use. In addition to those in
other countries, there are three main US programs to measure the fracture
toughness and Charpy properties of irradiated materials, principally high-
copper, submerged-arc weldments: 1) the NRC-funded Heavy-Section Steel
Technology (HSST) Program, 2) the program funcjgql by the Babcock & Wilcox
(B&W) Owners' Group, and 3) the EPRI program.lW1

The main focus of the research efforts presently underway is the LWR power
reactor surveillance program in which metallurgical test specimens of the
reactor PV and dosimetry sensors are placed in three or more surveillance
capsules at or near the reactor PV inner wall. They are then irradiated in
a temperature and neutron flux-spectrum environment as similar as possible
to the PV itself for periods of about 1.5 to 15 effective full-power years
(EFPY)*, with removal of the last capsule at a fluence corresponding to the
30- to 40-year plant end.of-life (E0L) fluence. Because the neutron flux
level at the surveillance position is greater than at the vessel, the test
is accelerated with respect to the vessel exposure, allowing early assess-
ment of E0L conditions.

*For a surveillance capsule location with a lead factor of $3, where the
lead factor is the ratio of fluence (E > 1 MeV) at the surveillance
location to that at the PV wall, see Table 5.



5

The surveillance capsule metallurgical and dosimetry results are used to
verify and/or adjust the final safety analysis report's (FSAR) current and
E0L projections of changes in tee fracture tougWness and embrittlement con-
dition of.the PV steel. As discussed in Regulatory Guide 1.99.1 and Refer-
ence 9, the derived plant-specific PV steel wall condition is used together
with other information to determine the allowable pressure-temperature oper-
ating curve to be used for continued operation of the power plant. If how-
ever, the RTNDT of the PV steel shifts from an initial beginning-of-life
(B0L) value (usually in the range of -50* to 50*F) to a much higher value
(in the range above 200'F) as a result of neutron radiation damage, it may
be necessary to take corrective action; such as annealing the reactor PV, .
to obtain a lower operating RTNDT value (i.e., to regain fracture tough-
ness and ductility).* Consideration of other opt. ions, such as those
involved in changes in the core power distribution to reduce the PV wall
neutron exposure rate may also be necessary.

It is currently accepted that uncertainties in the reported values of the
neutron exposure parameters of fluen g >beintherangeof210%to30%(la).t'01g)1and>1.0MeVanddpashould*

To achieve such accuracy on a
routine basis, however, it has now been well demonstrated that the reactor
r.hysics calculational and dosimetry measurement tech
marked [i.e., verified at the 25% to 15% (la) level.]ggqygs must be bench-t .N This is shown
graphically in Figure 2 where the estimated exposure parameter uncertainty
range for FSAR and surveillance capsule reports is plotted versus time in
years. The dramatic effect (in 1980 to 1981) of proper standardization and
benchmarking is apparent, and it is expected that goal accuracies (110% to
30%) will be routinely achievable after 1985. Thereafter, and depending
on the need, some improvement in accuracy may be achieved; but no better
than a 110% to 20% (la) level of uncertainty is anticipated.

PROGRAM RESUL.$

Figures 2 through 10 and Tables 1 through 14 provide summary highlight
information related to surveillance dosimetry for operating power plants,
most of which was developed as a result of multilaboratory work during
1981. As appropriate, comments are provided on individual Figures and
Tables. In Table 15, an effort has been made to provide a summary of the
procedures and requirements for LWR-PV embrittlement surveillance analysis.
More detailed comments, information and justification for the present
interlaboratory work will be found in two added reference sections on
" Surveillance Dosimetry Accuracy Requirements" and " Program Direction and
Status."

*Here and in Regulatory Guide 1.99.1, RTNDT is used as a measure of PV
steel ductility while upper shelf energy is used as a measure of tough-
ness; clearly, it is the steel ductility and toughness that is of concern,
not the actual values of RTNDT and upper shelf energy. More information
will be found on this subject in Reference 9, where it is concluded that
embrittlement limits should be expressed in terms of fracture toughness,
not in terms of Charpy impact energy.

-. _ -. . . _ - - -,
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SURVEILLANCE 00SIMETRY ACCURACY REQUIREMENTS

The use of RTNDT data for base, heat-affected zone, and weld metal provides
overall guidelines for the level of accuracy required of both metallurgy and

i g ) associated with the determination ofphysics-dosimetry. The uncer
Included in the physics-dosimetryRTNDT continue to be studied. .

work is not only surveillance capsule but ex-vessel dosimetry for derived
values of exposure parameters. Two distinct uses or applications (cases)
of RTNDT data can be considered, namely:

1) Plant Safety -- What are the implications of current regulations for
accuracy on RTNDT and exposure parameter (fluence > 0.1 and > 1.0 MeV,
and dpa) determinations?

2) Standards Development -- What current accuracy is required for the
development of standards, procedures, and data needed to define spatial
(lead factor) and exposure time (trend curve) extrapolations? These
proceduresanddataareorwiligqgiveninRegulatoryGuide1.99.1and a number of ASTM Standardsul 1 (Figures 3 and 4); particularly
I-C through I-H, II-A through II-F, and III-A through III-E, which are
under development.

For Case One, Figure 5, Plant Safety demands a high level of accuracy [ gen-
erally at a 95% (2o) or better confidence level] for the exposure parameter
variables to avoid premature judgment that controlling property change ,'

limits have been reached or surpassed.* Improvement in the accuracy of
reported values of the fluence (E > 0.1 and > 1.0 MeV) and dpa variables
offer the principal opportunity for avoidance of premature action, since it
is currently not possible to reduce the uncertainty on the RTNDT variable
(at a fixed position in the PV wall, such as at the surface or 1/4 T loca-
tions) below st30*F (2a).(14-16) This latter value is typical for a power
plant weld metal with a RTNDT value of 100*F after s5 EFPY of pl nt opgra-3

1tion with a PV inner surface fluence (E > 1.0 MeV) of ~6.0 x 10 0 n/cm4
This example is based on a weld material with a high nickel and a 0.15% Cu
and 0.012% P content and an initial RTNDTo of 0*F. Based on Pool Critical
Assembly / Pool Side Facility (PCA/ PSF) and recent surveillance capsule stud-
ies, Table 5, the best upper and lower limits on measured-calculated values
for the exposure variables (fluence > 0.1 and > 1.0 MeV, and dpa) at the
surveillance position are 220% (2a), and only for benchmarked results.(5,6)

Considering these as best lower- and upper-bound limits, and for this exam-
pie, a plant-specific controlling trend curve (at the 95% confidence level)
can be defined and is shown as the dot-dashed curve in Figure 5.** The

*In Reference 9 it is stated: "The economic cons %uences of complying with
federal regulations are demonstrably severe. Therefore, it is necessary
to have the most accurate embrittlement predictive methodology possible."

**This is a simplified example that assumes a 95% confidence limit for both
the fluence and temperature shift. The actual limits must be set using a
statistical combination of these according to the confidence level that
is deemed satisfactory.

.
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determination of the intersection of this curve with an acceptable plant-
specific upper-bound line that falls in a band of allowable E0L values of
RTNDT (for a nominal operating temperature of 550*F for LWR power plants) is
required for plant safety. For the present example, a very conservative upper-
bound line at RTNDT equals 200*F will be used.* On this basis, the inter-
section point is at a fluence of $1.1 x 1019 n/cm2 (s9.2 EFPY, or 1/4 of the
plant life) at the PV inner surface. If instead of a 20% (2a) [110% (lo)]
uncertainty, a 260% (Zo) [230% (la)] fluence uncertainty had been used
(which is more representative of current state-of-the-art values for reported
surveillance capsule dosimetry, Table 5), the plant-specific controlling
trend curve would shift to the left even further. The result would be that
the intersection point would now be at a fluence value of $5.6 x 10 8 n/cm21

(s4.7 EFPY). Consequently, if the reported fluence value uncertainty had
been 230% (la) and an RTNDT value of 200*F were limiting, corrective action,
such as annealing the reactor PV, changes in core power distribution to lower
the PV neutron exposure rate, etc. would have to be considered-immediately.
If the reported uncertainty had been closer to 110% (la), however, correc-
tIve action could be safely delayed until after another $4 EFPY of opera-
tion. During this period, additional in- and ex-vessel physics-dosimetry
measurements and calculations could be performed to verify, certify, and
improve the accuracy of the criginal FSAR and second (and subsequent) sur-
veil * lance capsule reported values of exposure parameters (fluence > 0.1 and
> 1.0 MeV, and dpa). The use of dpa, to better account for spatial effects,
might further increase or decrease the allowed current and E0L fluence
values, see Figure 10.

The shape of the Charpy shift curve used in current regulations is based on
trend curves with a power law dependence of N = 1/2 for the fluence variable.(2)
Hence, for Case 2, Standards Development efforts will produce improved and
more reliable trend curves, such as those now being established for the ASTM
Standard Guide E706(II-F), Figures 3 and 4 The importance of the trend
curve in time exposure extrapolations can be seen in Figure 5. Extrapolation
uncertainty, whether spatial (lead factor) or temporal (trend curve) depends
upon how accurately the curve has been defined as well as how far the extra-
polation extends. For example, using MPC, EPRI and NRC data bases, it now
appears that the power law approximation of the trgn
exponentNs1/3formostPVsteels;seeFigure6.1g)curvepossessesan1 This would represent
a 33% change in the exponent relative to that used in Reg Guide 1.99.1.
Clearly the error introduced through ill-definition of the trend curve can-
not be neglected given representative 110% to 30% (lo) uncertainties for
both dosimetry and Charpy data in power plant surveillance capsule work.
Consequently, through proper Standards Development efforts, one can fully

*For new plants, Regulatory Guide 1.99.1 states that the PV steel beltline
materials should have the content of residual elements such as Cu, P, 5
and V controlled to low levels such that the E0L, 1/4 T position, RTNDT
is less than 200*F. In Reference 9, it is indicated that a ARTNDT shift
of, say, 252*F may cause real operational. difficulty late in life (in
startup and shutdown) for some PWR power plants. This, however, would be
dependent on a number of factors, including the initial BOL RTNDT value.
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expect the generation of more accurate extrapolation procedures. For the
more accurate definition of exposure time trend curves, well-controlled

quality data.gh a g
er reactor metallurgical tests must generate higherspecial resea

9 Here it is essential that aRTNDT be determined at
the 210% (lo) uncertainty level or better and that state-of-the-art reactor
physics dosimetry be carried out to a comparable accuracy.

For plant safety, then, a knowledge of the uncertainty in the shape of the
trend curve (N = 1/2,1/3, or less) is essential for defining the point of
intersection of a 2o (plant-specific) trend curve with a plant-specific
upper-bound line in the band of allowable E0L values of the adjusted RTNDT
(Figure 5). It is well to also note here that whether 10% (la), 30% (la)
or higher values of uncertainty are accepted for derived values of exposure
parameters, the routine acceptance of the validity of any exposure parameter
value and its quoted uncertainty will be dependent on the periodir Sench-
marking of the applied experimental physics and dosimetry methodol. a. As

discussed later in this paper, under Program Direction and Status, special
benchmark facilities (Table 1) are being or have been established to provide
the necessary validation and certification of both the accuracy and precision
of the applied physics and dosimetry techniques. Proven and accepted tech-
niques are and will be needed for the definition of values and uncertainties
for spatial (lead factor) and exposure time (trend curve) extrapolations.

Although our presentation has focussed on trend curves, similar considera-
tions obviously must arise for extrapolations based on spatial and metal-
lurgical lead factors. Indeed the accuracy and limitations of these
different extrapolation procedures have yet to be rigorously defined, let
alone compared.

Consequently, comparable Standards Development efforts must go forward to
accurately define spatial and metallurgical lead factors. With reference to
Table 2, the present discussion has considered effects arising solely from
reactor physics-dosimetry (Variables 3 - 10). Analogous considerations must
be applied for Variable 1 (steel chemical composition and microstructure)
and Variable 2 (steel irradiation temperature) for metallurgical lead factor
extrapolations. Even though it is not the purpose of this paper to address
metallurgical lead factor extrapolation methodology and uncertainties, some
of the main elements involved in this methodology are summarized in Table 3.

In summary, the need for extrapolation in PV and support structure surveil-
lance is an overriding concern. Within this framework, the selection of a
" controlling variable", be it metallurgical or reactor physics-dosimetry
related, is irrelevant. For example, in Figure 5 a horizontal extrapolation
of the 130*F error bars (to the left for the -30*F bar and to the right for218 to $1.0 x 1019 n/cm ,the +30*F bar) results in a fluence band of $3.0 x 10
Consequently, if the RTNDT property change uncertainty of 130*F were con-
sidered limiting (e.g., material variability in chemistry and microstructure)
for a specific PV steel, then knowing the fluence value within a factor of
~3 might be considered adequate. This argument, however, has little rele-
vance to setting safe (95% confidence level or better) current and EOL flu-
ence operating limits for individual pressurized water reactor (PWR) power
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plants. It is also clear that high accuracy exposure values are needed for
establishing the value of "N" and its uncertainty for the slope (exposure
time extrapolation variable) of a trend curve for a specific plant and PV
steel. The " exposure time extrapolation" variable plays an extremely
important part in extrapolating, in time, plant-specific surveillance
capsule derived exposure and metallurgical results. In this context, the
reason fluence (or dpa) is used as the extrapolating (independent) vari-
able is that it obviously can be determined as or more accurately than the
associated metallurgical (dependent) variable. '

PROGRAM DIRECTION AND STATUS

The ASTM Standard E706-81,(10) " Master Matrix for LWR-PV Surveillance Stan-
dards," describes a series of 17 standard practices, guides and methods for
the prediction of neutron-induced changes in LWR-PV and support structure
steels throughout a PV's service life. Figures 3 and 4 provide updated
information on the interrelationship of 19 standards (20 including the Master
Matrix) and the schedule for their preparation, balloting, acceptance, vali-
dation and revision. Some of these are existing ASTM standards, some are
ASTM standards that have been modified, and some are newly proposed ASTM
standards. The scope of each standard and the general requirements for con-
tent and consistency are discussed in the Master Matrix as well as writers'
and users' information, justification, and specific requirements for the
practices, guides and methods. Information is also provided on applicable
documents and references.

Reactor physics and dosimetry analysis and interpretation are discussed in
Section 4 of E706-81. Specific subsections deal with:

a) Required Accuracies and Benchmark Field Referencing
b) Power Plant Reactor Physics Analysis and Interpretation
c) PCA Blind Test

d) PWR and Boiling Water Reactor (BWR) Generic Power Reactor Tests

e) Operating Power Reactor Tests

Currently, the NRC is supporting a significant amount of multilaboratory
work associated with all five items at HEDL, ORNL, BNL and NBS. Additional
work is being supported at a number of laboratories in Europe and elsewhere,

.

the most significant effort being at CEN/SCK, Mol, Belgium. EPRI and reac- ~

; tor vendors are also supporting significant multilaboratory work related to
; Items a), b), d) and e). Three of the U.S. vendors (Westinghouse, B&W and

CE), two U.S. service laboratories (SWRI and BMI), as well as six other U.S.,

and foreign laboratories participated in the "PCA Experiments and Blind>

Test." This test was intended to provide a "necessary" but not " sufficient"
i test of the adequacy of reactor physics tools, procedures and data used for
; predicting FSAR flux-spectral values. These data are used, in turn, in the
j analysis of surveillance capsule dosimetry sensor reaction rates and in the

i

4

i
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subsequent determination of values of neutron exposure parameters 1) in sur-
veillance capsules, 2) at the inner surface and through vessel walls, and 3)

and Blind Test" are now available in a NUREG Report.g5)the "PCA Experimentsin ex-vessel cavity locations. The initial results 9f
This PCA benchmark

test established that the limiting accuracy of reactor-physics, dosimetry-
derived values of group fluxes and exposure parameters are in the range of
25% to 30% (lo) and 25% to 15% (la), respectively, if properly benchmarked;
otherwise, errors can be a factor of two or more, see Figure 2.

Relative to Item (c) and by the end of 1982, HEDL, ORNL, NBS and CEN/SCK will
complete the final work and documentation for the PCA for the 8/7, 12/13,
4/12 a'nd 4/12 (SSC) configurations for this mockup physics-dosimetry test of
a PWR power plant.* The 4/12 and 4/12 (SSC) results will be used primarily
insupportofthefnalysisofthephysicsanddosimetryforthePSFmetal-lurgical test.(5,6 One important aspect of this combined metallurgical /
physics / dosimetry test will be to provide benchmarked data to establish the
uncertainties associated with the calculation and use of fluence (E > 1.0 MeV)
and dpa to account for flux-spectral (spatial lead factor) effects, see Fig-
ures 9 and 10. Another important aspect of this effort will be the general
use and application of the PCA experimental and analytical results to test
and develop advanced physics-dosimetry methodologies based on least-squares
adjustment procedures. Least-squares analyses of reactor dosimetry have'

beeninvogygfgr)sometimenow,andthisapproachhasgeneralworld-wide3 Indeed least-squares analyses of PCA experiments andacceptance.L
blind test results for NRC have already been conducted by HEDL and ORNL.(5)
Initial results of the application of HEDL- PCA tested methodology to the
analysis of surveillance capsule-derived exposure-parameter values and
uncertainties are discussed herein. Work being supported at ORNL by EPRI
is also discusscJ in this paper and in Reference 8.

: Still required for this interlaboratory program effort is to complete the
development and establishment of a set of ASTM-accepted generic BWR and PWR,

physics-dosimetry benchmarks, with required in)- and ex-vessel dosimetry
measuremgng) verification (Table 4).(b-o,10-13these benchmarks are intended to provide a "necessary" and

With Reference to ASTM
E706-81,il
" partly sufficient" test of the adequacy of a vendor / utility group's power

The standards recommendation shouldreactor physics computational tools.**
be that the vendor / utility group's observed differences between their own
calculated and the selected PWR or BWR measured integral and differential
exposure and reaction rate parameters be used to validate and improve their

I

i
computational tools and measurement resources (if differences fall outside
the selected PWR or BWR experimental accuracy limits). (These C/E accuracy

*8/7, 12/13, etc. are the dimensions of the water gaps in cm between the
reactor core edge and thermal shield /the thermal shield and pressure
vessel inner wall for the PCA PV mockup facility.

**The successful analysis and interpretation of a number of surveillance
capsule results for a specific PWR or BWR power plant, together with an
appropriate generic plant, provides a "necessary" and " sufficient" test
(see Section 4.4.5 of ASTM E706-81, Reference 10).

.__ -- __. _ __
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limits are identified and discussed in the ASTM E706(II-0) Transport
Standard, Figure 3).*

As previously stated, the objective of the EPRI experimental program has
been to carry out measurements in operating power reactgrs or use in bench-
markingimprovedphysics-dosimetrymethodsofanalysis;(5,8(1 see Table 4
The reactors where measurements have been carried out included one BWR:
TVA's Browns Ferry Unit 3 wher -vessel measurements carried out by GE
have recently been documented.9 pi These measurements complement thet2
in-vessel measurements funded by TVA and documented in Reference 26. Sup-
porting transport calculations are being done by Science Applications Inc.
The PWR measurements have been carried out at Arkansas Power and Ligh 's
NuclearOne-1(ANO-1)bytheUniversityofArkansas,NBSandHEDL.to,g7,28)
Supporting transport calculations are being dnne at the University of
Missouri, Rolla and at ORNL. The ANO-1 measurements have been carried out
ex-vessel only. A set of in-vessel as well as ex-vessel measurements at
Crystal River 3 and ANO-2 is presently under consideration, Table 4. Ari
equivalent set of measurements on Duke Power Company's McGuire Unit 1 plant
is awaiting startup of the reactor.

The objective of the EPRI analytic program has been the development of an
advangdurelgdgqsimetrymethodologybasedonaleast-squaresadjustmentproce-2 1 The methodology being developed by ORNL for EPRI utilizes
direct neutron transport calculations together with dosimetry measurements
and their uncertainties (or covariances) to determine the best (in a least-
squares sense) estimates of the neutron fluxes and their reduced covari-
ances. One of the most important features of the methodology is its ability
to estimate the uncertainties in the adjusted flux spectrum. Other features
include the capability of obtaining the fluxes at surveillance points as
well as at any de: ired point within the pressure vessel, and the capability
of simultaneous least-squares adjustment of fluxes in multiple fields. By
simultaneously analyzing benchmark fields (prototypic fields as well as a
particular LWR field of interest), it is possible to improve the accuracy
of the prediction for the LWR field since the information " learned" from
the former fields is used in the determination of the latter.

To date the EPRI-0RNL methodology has been applieri to the anal sis of a ser-
ies of progressively more complex fields, including the NBS 4 Cf fission
field, the Intermedigte-Energy Standard Neutron Field (ISNF), the Federal
GermanRepub]f1-PTB d2Cf fission field, and the PCA pressure vessel proto-typic field.t (The method is presently being applied to the PCA/ PSF.
Future plans include the application of the methodology to the AN0-1 and,
perhaps, AN0-2 measurements.) Results of both the ORNL and HEDL(5) stud-
ies have shown that uncertainties in the PCA flux determination can be con-
siderably reduced by using simultaneous adjusting of all available data.
Since the predictions have been found to be rather sensitive to the uncer-
tainty estimates, a considerable amount of effort has been invested by

*A similar statement regarding differences applies to the "PCA Experiments
and Blind Test" benchmark (see Section 4.4.3 of ASTM E706-81).
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both ORNL and HEDL in the preparation of covariance information for meMura-
ments in the benchmark and prototypic fields as well as(gmp,r)ovements to theENDF/B-V covariance files for dosimetry cross sections. .o .These covar-'

iances together with the ENDF/B-V cross-section files constitute a general
data base for any least-squares fitting program. As a matter of interest,
P.eference 30 describes the status of work related to the preparation of the
ASTM E706 (!!-8) Standard Guide for " Application of ENDF/A Cross Section and
Uncertainty Files"; see also Reference 10.

For Item (e) and by the end of 1982, initial studies will have been com-
pleted for the NRC program; and more quantitative results will be avail-
able to certify the accuracy of surveillance dosimetry for operating LWR
power plants. For individual and selected sets of surveillance capsules,

i results will be available from FERRET-SAND code-derived values of exposure'

parameters (see Table 5 and Sections 4.2 and 7.3 of Reference 5) for four
vendors, two service laboratories, and EPRI surveillance capsule reports
submitted for or by utilities to NRC. These results, together with those
from physics computations, will be used to 1) define inner PV surface and
wall gradient flux level and exposure parameter values, Figures 9 and 10,
2) verify the accuracy of FSAR predictions of current and E0L exposure
parameter values (fluence > 0.1 and > 1.0 MeV, and dpa) for individual BWR
and PWR power plants (see Table 5), and 3) provide higher accuracy [210%
to 30% (la)] values of exposure parameters for establishing improved trend
curve shapes for MPC, EPRI, NRC and other metallu'gical data bases. Least-
squares adjustment procedures, as discussed in ASTM Standards E706(I-C),

will be used to accomplish the above analysis.(ghg gC gnj7(1(I-E), and (II-A) (Figure 3) and developed for PRI programs,
so. -ids

More specifically, the MPC, EPRI, and NRC data bases are being used together
with test reactor data to develop trend curves to account for neutron radia-
tion damage when plant-specific information is not available or is not com-;

pletely adequate. That is, updated and new physics-dosimetry data are being

used together with available metallurgical data to develop new ASTM ARTand upper shelf energy shift versus fluence (E > 0.1 MeV and > 1.0 MeV)NDTand

dpa curves to replace those in Regulatory Guide 1.99.1 (see Figure 3, ASTM
Standard II-F, and Figure 6). In addition to a ser'.es of Westinghouse PWR
plants (Table 5), the current emphasis and approximate, order of priority of
studying existing U.S. power plants under this effort is provided in Table C.
This priority listing is currently based on a need to have plant-specific
input data to perform fracture analysis studies, including those using OCA-I,
for those power plants with PV steels that are suspected of having high
RTNDT values (Table 6). As discussed in the section on Surveillance Dosim-
etry Accuracy Requirements, the correctness of these estimated RTNDT values
is critically dependent on the accurate definition and verification of sur-
veillance capsule exposure parameter values, and capsule-to-PV eall inner
surface spatial (lead factor, see Table 5) and exposure time (trend curve,
see Table 6) extrapolations. The determination of these spatial and time
lead factors also depends on the proper definition and understanding of
surveillance capsule perturbation and long-term core fuel subassembly'

;

i

1
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loading pattern effects. Figures 7, 9 and 10 and Tables 7 and 8 provide
information and preliminary results of studies related to this aspect of
surveillance capsule data analysis.

HEDL, ORNL, NBS, CEN/SCK, EPRI contractors, vendors and others are doing
and will continue to do dosimetry measurement certification work in support
of surveillance programs for operating power plants, Items (d) and (e) (see
Figures 6 through 8 and Tables 4 through 14). Further, effort will be put
forth in the area of validation / calibration of the Figure 3 ASTM Standard
Methods:

III-A Application and Analysis of Radiometric Monitors (RM) for
Rer.ctor Vessel Surveillance

III-B Application and Analysis of Solid State Track Recorder (SSTR)
Monitors for Reactor Vessel Surveillance

Ill-C Application and Analysis of Helium Accumulation Fluence Monitors
(HAFM) for heactor Vessel Surveillance

III-D Application and Analysis of Damage Monitors (DM) for Reactor
Vessel Surveillance

III-E Application and Analysis of Temperature Monitors (TM) for
Reactor Vessel Surveillance

Related to Items (a), (b), (d) and (e), therefore, the participants of the
LWR-PV Surveillance Dosimetry Improvement Program will jointly seek 1) to
develop and establish a set of PWR and BWR Generic Power Reactor Benchmarks
based upon conventional, benchmarked, neutron dosimetry, 2) to obtain ASTM
acceptance of these and 3) to complete the necessary validation / calibration
(round robin testing) of this set of five ASTM Standard Methods (III-A
through III-E), consistent with the procedures given or to be given in I-A,
Analysis and Interpretation of Nuclear Reactor Surveillance Results, and
II-E, Benchmark Testing of Reactor Vessel Dosimetry.

In sumary and with reference to Figure 2, the five measurement stardard
methods are essential to provide in and ex-vessel dosimetry and temperature
measurement capabilities that vendors, service laboratories and utilities
will need to certify to themselves and licensing and regulatory bodies the
adequacy of their calculational and measurement tools. Of particular impor-
tance is the adequacy of individual power plant FSAR/ surveillance-capsule-
derived, BOL and E0L predictions of flux-spectra and exposure parameter
values (fluence > 0.1 and > 1.0 MeV, and dpa for steel) needed for fracture
analysis studies of PV and support structure steels. It is essential for
the nuclear industry that errors be assigned to all values of calculated and
measured flux-spectra, derived exposure-parameters, lead factors (radial,
azimuthal, and axial), and trend curve slopes given in surveillance capsule
reports; further, it is important that these values are based on a proper
weighting of the results of individual dosimetry sensors, which includes
uncertainties and neutron energy response weighting. One needs only to look

- . - _ - -
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i

at recent as well as old surveillance program reports to determine the
inadequacy of the present practice of stating that FSAR predictions and
surveillance caosule measurements agreed or disagreed, but without stating
the uncertainties associated with individual predictions and measurements.

t
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The vessel weldplate, not shown here, also shows apparent saturation. These results fit the hypoth-
esis that materials containing significant amounts of nickel, i.e., greater than 0.5 wt%, do not

show saturation in the range of fluence of interest. It appears that matt. rials contgining reduced
amountsofnickel,i.e.Ilgb Varsik,Ilg Williams and Squires,p jttlement level.191Yanichkoetal.,(2{tgesare

0.2 wt% reach a saturation'em 1

in progr
Pachur,(gybyGuthrie,> Mager et al.,(24) and others to verify such a hypothesis. It is concluded that there

. >

may be an effect of chemical composition on the shape of the r nd curve, but data sets investigated
to date have not shown any strong evidence of its existence. Limited availability and the poor
quality of some of the existing power reactor data are major reasons why this important question
has not been answered, see Table 5 and Figure 6.

FIGURE 8. Point Beach Unit No. I and Connecticut Yankee Plant Specific Trend Curve Results.
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FIGURE 9. Calculated / Experimental Ratios for $ >1.0 (PCA 12/13 Con'igura-E

tion) at the Thermal Shield Front (TSF), Thermal Shield lack
(TSB), Pressure Vessel Front (PVF), Pressure Vessel 1/4 T,1/2 T
and 3/4 T (Thickness) Positions. (Note that the Calcult tions,
generally, underpredicted the magnitude of the flux in tassing
through the PV wa.ll, by up to an average value of $20%, at the
3/4 T position; see Reference 5.)
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The use of 4E>lMey results in a nonconservative estimate of the peutron-
produced embrittlement for deep penetration in the PV wall. A better expo-
sure indicator is dpa for steel Lusing ASTM Standard E706 (I-D) (ASTM E693-79)
of Ff gure 3]. The ratio of dpa to *E)1Mey is plotted in Curves 1 and 2.
Verification of the applicability of dpa versus fluence (g.27]1 MeV) will be>
accomplished via the PSF-PV Metallurgical Test, Table 1.l

Curve 1 is the result of calculations done for a PWR power plant. Curve 2
is derived from the PCA data used for Figure 9. The calculated neutron
flux-spectra used to derive Curve 2 has been adjusted by passive dosimetry
integral measurements and active spectrometry differential measurements as
described in Reference 5.

Due to the similarity of conditions (i.e., water next to similar amounts of
steel), the neutron spectral shapes are similar at higher energies for both
the surveillince position and the 1/4 T position. However, deeper penetra-
tion in the PV steel causes substantial spectral changes.

The damage produced, as indicated by dpa, is about 50% higher at the 3/0 T
position compared to what would be indicated by aE>1MeV. Thus, the neutron
embrittlement beyoni one-fourth of the distance through the vessel may be
significantly underestimated if *E>lMeV is used as a damage parameter.

FIGURE 10. Comparison of Definition and Imolications of Spatial Lead
Factors (9 >lMeV and dpa) at the Thermal Shield Front (TSF),E
Thermal Shield Back (TSB), Pressure Vessel Front (PVF), Pres-
sure Vessel (PV) 1/4 T, 1/2 T, 3/4 T (Thickness) Positions.
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TABLE 1

BENCHMARK FACILITIES * TIME FRAME, PARTICIPANTS, PURPOSE AND USE

METALLURGICAL CALCULATIONAL METALLleGICAL SURVEILLANCE CORE SOURCE PWR GENERIC

CALCULATIONAL DOSIMETRY CALCULATIONAL TESTING CAPSULE BOUNDARY CAVITY REACTOR

BENCHMARK CAllBRATION BENCHMARK BENCHMARK BENCHMARK BENCHMARK BENCHMARK BENCHMARKS

(IRL-PV) BENCHMARKS (PCA-PV) (PSF-PV) (PSF-50MF) (VENUS) _(NESDIP) (BWR-PWR)
1969-1971 1971-2000 1978-1982 1980-1984 1979-2000 1982-1984 1982-1984 1977-2000

NAT. LABS MULTILAB MULTILAB MUL TILAB MULTILAB MULTILAB MtA.TILAB MULTILAB

VENDOR FOR FBR-LWR VENDORS, AE, VENDORS AE, VENDORS. AE, VENDORS, AE, VENDORS, AE, VENDORS. AE.

PROGRAMS SERVICE LABS SERVICE LABS SERVICE LABS SERVICE LABS SERVICE LABS SERVICE LABS

PHYSICS PHYSICS PHYSICS METALLURGY SURVEILLANCE NEUTRON PHYSICS PHYSICS W
*

DOSIMETRY DOSIMETRY DOSIMETRY DOSIMETRY CAPSULE SOURCE TO DOSIMETRY DOSIMETRY

METALLURGY SENSOR SENSOR SENSOR PHYSICS SURVEILLANCE SENSOR SENSOR

SENSOR CALIBRATIONS TESTS & LEAD FACTOR DOSIMETRY % PV WALL LEAD FACTOR LEAD FACTOR
TESTS & QUALITY QUALITY TESTS & LEAD FACTOR POSITIONS EX-VESSEL IN-VESSEL

ASSURANCE ASSURANCE QUM.lTY TESTS & LEAD FACTOR TESTS EX-VESSEL
ASSURANCE QUALITY IN-VESSEL TES15

ASSURANCE TESTS

* Acronyms:

AE - Architect-Engineer
IRL-PV - Industrial Research Laboratory Pressure Vessel (PV) Mockup Test (Reference 20).
PCA-PV - Pool Critical Assembly Physics-Dosimetry PV Mockup at ORNL (Reference S).
PSF-PV - Oak Ridge Research Reactor Pool Side Facility Metallurgical-Dosimetry PV Mockup (Reference 6).

1 PSF-SDMF - PSF Simulated Dosimetry Measurement Facility (Reference 6).
VENUS - Critical Facility at Mol, Belgium.
NESDIP - NESTOR Reactor Surveillance Dosimetry Improvement Program Ex-Vessel Cavity Mockup at Winfrith, UK.
BWR - Boiling Water Reactor.
PWR - Pressurized Water Reactor.

r
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TABLE 2

PHYSICS, DOSIMETRY AND METALLURGICAL VARIABLES

To account for neutron radiation damage in setting pressure-temperature
limits and making fracture analyses, neutron-induced changes in fracture
toughness and embrittlement for power reactor PV and support structure
steels must be predicted, then checked by extrapolation of surveillance
program data during the vessel's service life... Uncertainties in the
predicting methodology can be significant. The main variables of con-
cern are associated with:

1) Steel chemical composition and microstructure

2) Steel irradiation temperature

3) Power plant configurations and dimensions - core edge to
surveillance to vessel wall to support structure positions

4) Core power distribution

5) Reactor operating history

6) Reactor physics computations

7) Selection of neutron exposure units
!

8) Dosimetry measurements

9) Neutron spectral effects

10) Neutron dose rate effects

Variables associated with the physical measurement of PV and support
structure steel property changes are not considered here.

_ _ _ _ _ _ _ _ _ _ _ _ - _ _
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TABLE 3

MAIN ELEMENTS OF METALLURGICAL LEAD FACTOR DEFINITION

!. Is the Charpy seasureweat itself in ector?

A. Do results (both pre- and post-treadiation) fall on an 5. shaped curve with +15'T or less
uncertainty in both testst

9. Were the samples transferred promptly from cold bath to test rig in pre-treadiation casef
|

C. Are the thermocouples calibrated in post-irradiated test?

0. Mas the Charpy machine been calibrated? Was it tested at or near the time of measure =entf

E. Are the pre irradiated results believable for the particular chemistry and heat treatment?

F. bere sufficient points taaen?
G. Were points outside the transition region used in a computer code to bias the resultf

*

H. has the A5fM procedure followedt

!!. Are the specimens nearepreseatative?

A. bhat are the densities of both pre. and post irradiated specimens?

8. 00 u-ray tests of pre.freadiated specimens show flaws?

C. Do the fracture surf aces of the specimens show pre-existing voids (regions of surf ace tenture
different from surrounding areas on fracture surf ace)1

0. Does a post-treadiation chemistry chect Indicate utsidentified specimens?

(. Were the specimens marked for identification?

!!!. Is the tenerature correctly 6%wn?

A. here the specimens tightly packedt

8. What is the gansne heating rate?

C. What was the heat transfer gast Wn it actually there?
0. Were there thermal monitors? What did they show? Did they transmute!

E. Could the capsule have been running cold due to reduced plant power level?

l IV. Can the observed Charer shif t be recoactied to the teseerature and neutron esposure by any meses?

{ A. Can a formula be found to fit?
1. Use weld formulas for weld metal and plate formulas for plate metal, if possible.

2. If es-vessel, taae into account lower temperature (Odette fors=1as).
3, Check nonconforming formulas to see if the data base used to develop the formulas

esteved to a composition range and heat treatment that includes that of the specimens.
Watch Co, N1, V. Mo, 51 and C concentrations.

a. Possible formulas are:
Varsik (Plate and weld separate). Williams and Squires...

Guthrie (Plate and weld separate). Odette...

. Gutonnet.
ASTM recosamended practice formulas involvtag copper, dertved from WC data base..

ASTM Practice I-E of Pressyre Vessel Surveillance Oostmetry Program.

(see 1706-81 standard).INI
B. Is there prior test reactor data on the same or a sistlar specisen at a similar taeperature?

1. Check data reported by Hawthorne, W1111ams and Soutres, Metals Property Council EPti,
hpC, and others.

2. If test reactor data entsts, ramester rate effects should make surveillance capsule
shif ts smaller, if there is any significant difference.

V. If formulas don't match data but data appear to be error free, develop plant specific curves for
reactor using data produced from survet? lance capsules.

VI. Estrapolate to the surf ace and 1/4 Y positions using fluence and dea ratios developed by dosta.
etry and reactor calculattons. Use ratio of surveillance capsule position to the surface and
I/4 T postttons to determine lead f actors. tJte plant-specific curve of Charpy shif t versus
fluence or dpa to get allowed (OL fluence.
A. Validate reactor calculations using PCA data base.

5. Validate reactor calculations using BWR or Pte generic-plant data base.
C. Valfdate reactor calculations using plant specific data.

_ . - - __ -
_ _ __ . . _ ,



_ _

TABLE 4

BWR AND PWR GENERIC BENCHMARK FACILITIES

Measurements
Primary Verification CalculationsFunding Funding FundingGeneric Reactor Organi- Organi- Organi-Benchmark Field zation Laboratory ration Laboratory ration Laboratory

Browns Ferry 3 TVA GE(c)* NRC HEDL (RM - I capsule)* EPRI ScienceIn-Vessel GE

(General Electric)
Applications
Inc.

Browns Ferry 3 EPRI GE(c)*
NRC/EPRIIP) CEN(C) (RM - 1 capsule)*CEN EPRI ScienceCavity HEDL (RM - I capsule)* Applications

(General Electric) NRC/EPRI(P) HEDL (SSTR - I capsule) Inc.
Arkansas 1** Cavity EPRI Univ of NRC EPRI Univ of
(Babcock & Wilcox) Arkansas (c)* NRC/EPRI(P) HEDL (RM - +3 capsules)*

HEDL (SSTR) Missouri (c) $
ORNL

Crystal River 3** B&WIP) B&W* EPRI(P) 7 (RM)* 7 B&W(p)
In-Vessel and Cavity EPRI? NRC/EPRI(P) HEDL (SSTR)
(Babcock & Wilcox)

Arkansas 2 EPRIIP) Univ of EPRI(P) ? (RM - I capsule)* EPRI(P) Univ of(Combustion Arkansas * NRC/EPRIIP) HEDL (SSTR) MissourtEngineering)

McGuire 1 Cavity EPRI(P) 7*
NRC/EPRI((P) HEDL (RM)* EPRIIP) ?(Westinghouse)
NRC/EPRI P) HEDL (SSTR)

(c) = completed; (p) = proposed; 7 = unknown
*As appropriate, selected RM sensors (Fe, N1, 0.1% Co-Al and Cu wires), Charpy specimens, and/or PV wall
scrapings can be analyzed for generated helium by RI; see ASTM E706 (III-C) Method for Analysis of
Helium Accumulation Fluence Monitors (HAFM) for Reactor Pressure Vessel Surveillance.

** Arkansas 1 and Crystal River 3 are both B&W 177-type plants; therefore, the test results from both are -

expected to be combined to estabitsh a single set of data to be published for a 177 plant.
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TABLE 6

OPERATING REACTORS WITH HIGH FLUENCE EXPOSURE

Fluence (a)
(E > 1.0 MeV) RT nT at PW Front Face (*F)h

Percent Copper x 1018 n/cm2 Calculated (b) Measured (C1
Manufacturer Circ. Long. Time Circ. Long. Circ. Long. Circ. Long. SurveillancePlant Plant Vessel Welds Welds (EFPY) Welds Welds Welds Welds Welds Welds Capsule Used

Fort Calhoun CE CE 0.35 0.35 4.8 8.2 8.2 280 280 -- -- --

H. B. Robinson W CE 0.34 0.34 6.8 11.7 10.8 290 290 175 165 V

Turkey Point 3 W B&W 0.31 5.7 11.2 -- 290 200--
T-- --

Turkey Point 4 W B&W 0.30 -- 5.2 10.2 280 250 T-- -- --

San Onofre 1 W CE 0.19 0.19 8.8 15.4 15.4 270 270 41 41 ASan Onofre 1 W CE 0.19 0.19 8.8 15.4 15.4 270 270 44 44 F

h ine Yankee CE CE 0.36 0.36 5.5 4.7 4.7 240 240 160 160 2(d)hine Yankee CE CE 0.36 0.36 5.5 4.7 4.7 240 240 156 156 263
Calvert Cliffs 1 CE CE 0.30 0.30 4.1 6.0 6.0 230 230 -- -- --

TMI 1 B&W B&W 0.35 0.31 3.5 2.1 2.1 180 160 -- -- --

3Oconee 1 B&W B&W 0.26 0.31 4.9 2.6 2.3 150 170 76 71 E

Palisades CE CE 0.25 0.25 3.9 4.6 4.6 190 190 -- -- --

Yankee Rowe W B&W (0.20 for plate) 14.1 (11.0 for plate) (200 for plate) -- -- --

Zion 1 W B&W 0.35 0.31 4.3 2.7 0.9 !70 90 -- -- --

Arkansas 1 B&W B&W 0.31 0.31 3.9 2.4 1.7 170 150 -- -- --

Indian Point 2 W CE (0.25 for plate) 4.0 (2.0 for plate) (140 for plate) -- -- --

Rancho Seco B&W B&W 0.31 0.31 3.3 2.1 1.9 160 150 -- -- --

Surry 1 W B&W 0.25 0.18 4.5 7.0 1.5 190 60 -- -- --

Crystal River 3 B&W B&W 0.35 0.31 2.2 1.3 1.2 150 130 -- -- --

(a)As of my 1,1981.
(b)gyNDT was calculated by P. N. |tanda11 of NRC using known chemistry, presently believed fluence at PV front face and

Regulatory Guide 1.99.1.
(c)gyNOT was determined using measured Charpy shifts for gurveillance-capsule we,1d material and new values of fluence

(E > 1.0 MeV), Table 5. The Regulatory Guide 1.99.l(27 fluence dependency (N = 1/2) was used to scale the
(d) accelerated surveillance capsule results back to the column 7 and 8 values of fluence.The Reg. Guide 1.99.1 upper-limit fluence dependency, Figure 6, was used to scale back the mine Yankee accelerated

Capsule 2 results.
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TABLE 7

PSF-SDMF PERTURBATION TEST RESULTS

Unperturbed-to-Perturbed Reaction Rate Ratios
Reaction Thermal Shield Back (TSB) Pressure Vessel Front (PVF)

Experiment Calculation C/E Experiment Calculation C/E

0.798Np(n.f) 0.756 0.749 0.991 ----

9 0.895 -- --

Nb(n.n') 0.833 -- --

U(n,f) 0.852 0.840 0.986 -- 0.871 --

Ni(n.p) 0.919 0.922 1.003 0.962 0.942 0.979

Fe(n.p) 0.887 0.937 1.056 0.936 0.953 0.974

Ti(n,p) 0.971* 0.990 1.020 0.978* 0.993 1.015

63
Cu(na) 1.042 1.006 0.965 -- 1.004 --

*The reaction listed was Ti(n,x) by experimenter.

|
!

|

|
|
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TABLE 8

TYPICAL SINGLE PLANT RATIOS (MAXIMA / MINIMA) FOR MEASURED
SURVEILLANCE CAPSULE REACTION RATES FOR INDIVIDUAL SENSORS

AS A RESULT OF DIFFERENCES IN CORE SOURCE DISTRIBUTIONS

Approx Maxima / Minima *
Sensor Reaction Reaction Rate Ratio

58Ni(n,p)58Co 1.6
54Fe(n.p)S4Mn 1.4

63Cu(n a)60Co 1.3
238 (n,f)I3 Cs 1.5U
237Np(n,f)l37Cs 1.4

*8ased on core fuel subassembly replacement calculational and measurement2

studies. The fluence > 1 MeV at the inner PV surface will, generally,
follow these ratios. It is noted that a substantial part of the PCA pro-
gram has addressed the neutronic validation of LWR-PV lead factors in a
slab arrangement of thermal shield and pressure vessel simulator, driven
by a clean, well-characterized MTR-type core. It has focused upon the
deep-penetration projection uncertainties in this lead factor issue.
Actual LWR lead factors also involve significant azimuthal flux varia-
tions, whose calculational accuracy depends upon:

Correct estimates of core source distributions, on a pin-to-pin*

basis for the last fuel row, in terms of the total absolute core
power, and

Correct modeling of core boundary heterogeneity effects and, in*

more recent plants, of the heterogeneity effect of neutron pads
attached to the core barrel (thermal shield).

The LWR-PV VENUS, NESDIP, and the BWR and PWR generic benchmarks
(Table 1) are concerned with these issues.
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TABLE 9

DOSIMETRY / PHYSICS RESULTS FOR POINT BEACH 2

Capsule V Capsule T Capsule R

INITIAL ANALYSIS 4.74 x 1018 (n/cm2 > 1.0 MeV)(a) 9.45 x 1018(b) 20.1 x 1018(c)

AFTER WESTINGHOUSE
REANALYSIS 6.53 x 1018 8.29 x 1018 20.1 x 1018

RATIO: AFTER/ INITIAL 1.37 0.88 1.0

RELATIVE SWING Capsule V/T = 1.37/0.88 = 1.56 Capsule R/T = 1.0/0.88 = 1.14

%
AFTER HEDL(d)REANALYSIS 7,24 x 1018 j; 12% (la) 1.04 x 1019j;9%(lo) 2.56 x 1019 + 11% (lo)

RATIO: AFTER/ INITIAL 1.53 1.10 1.27

RELATIVE SWING Capsule V/T = 1.53/1.10 = 1.39 Capsule R/T = 1.27/1.10 = 1.15

CONCLUSION: All surveillance reports and test reactor reports must be reanalyzed to define new
exposure values and uncertainties using current standards and reconnended procedures and data.

(a) Surveillance Capsule Report V, June 10, 1975 (Reference 18).
(b) Surveillance Capsule Report T, August 1978 (Reference 19).
(c) Surveillance Capsule Report R, December 1979 (Reference 21).
(d) Preliminary FERRET-SAND II results (Table 5).

_ _ _ _ _ _ _ - _ - _
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j TABLE 10

COMPARISON OF HEDL AND WESTINGHOUSE ANALYSES OF POINT BEACH 2
i CAPSULE R SURVEILLANCE DOS! METERS (a)

Reaction and g(b) Saturated Activity (dos /q
IbI (cm) HEDL Westinghouse ( * Yompar,isonhAsial Location

59 o/A1(n,y), 8areC

Top 11.67 E+10 11.8 E+10 +1.08
Mid Top 8.297 E+10 8.20 E+10 -1.U
Middle 8.639 E+10 8.67 E+10 +0.32
Mid Bottom -- -- --

Bottom 11.53 E+10 11.47 E+10 -0.58

59 o/A1(n,y), Covered
'

C Cadmium-

Top 4.575 E+10 4.59 E+10 +0.26
Mid Top 4.426 E+10 4.43 E+10 +0.02
Middle 4.233 E+10 4.27 E+10 +0.80
Mid Bottom 5.055 E+10 5.09 E+10 +0.62
80ttom 4.794 E+10 4.82 E+10 +0.54

63Cu(n.e)
Toa 158.33 4.382 E+5 4.28 E+5 -2.33
Mid Top 158.33 3.880 E+5 3.87 E+5 -0.25
Mid Bottom 158.33 4.318 E+5 4.28 E+5 -0.89'
Bottom 158.33 4.593 E+8 4.54 E+5 -1.14

54fe(n.p)(d)
V-13 157.33 6.16 E+6 6.18 E+6 +0.30
E-23 157.33 5.752 E+6 5.72 E+6 +0.56

j E-13 157.33 5.183 E+6 4.% E+6 -4.30
H-9 158.33 4.893 E+6 4.66 E+6 -4.76

! R-14 158.33 4.904 E+6 4.77 E+6 -2.73
W-16 158.33 4.936 E+6 4.61 E+6 -6.50

58N1(n.p),

'
Middle 158.33 7.390 E+7 7.45 E+7 +0.81

237Np(n f)137Cs
Middle 158.10 7.180 E+7 6.79 E+7 -5.43

| 238g(3,f)137Cs(*)
Middle 158.10 9.534 E+6 9.03 E+6 -4.95

(a) Samples of Co/A1 and Cu are being shipped to Rockwell International for He analysis.
4

| The remaining samples are to be shipped to CEN/SCK for additional radiometric analysis.
Discussions have been held with N85, and certified fission flux standard samples will

(b)be prepared by N85 and submitted to HEDL for analysis.Distance from core center, data from EPRI Progress Report WCAP-9635, December 1979.(21),

IC) Westinghouse-reported values for Co/A1 samples were reported per weight of alloy dosin-'

eter material. Reported values were multiplied by 1/0.0025 to obtain activity per gram
cobalt. QA confirmation of the Co alloy content is planned by neutron activation at N85
and calculation from both the certified thermal flux supplied by N8$ and the relative

(d)ratto with SRM 953..i
Calculations for this reaction were made using the fron content as determined by HEDL

(8)for the specific solutions recged from Westinghouse, see Table 10 continued. JCalculations are based on the
U solution content determined gU(n,y)2J Pu buildup

HEDL, i Table 10
continued. Corrections have not been made for 2J5U 1mpurity, 2

or photofission contrigJ U and *165 for MPu may be recuired.
ions. Preliminar.y calculations at HEDL indicate corrections

of as much as s65 for Rough calculations at
Westinghouse indicate <35 correction for photofission contribution.

|

!
_ _ _ _ . __ __ _. .-- - - -- - -i
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TABLE 10 (Cont'd)

HEDL POINT BEACH 2 CAPSULE R SURVEILLANCE DOSIMETERS QA OVERCHECKS

.-

Isotopic Analysis (at.%)
2380 ContentAnalyzing

Laboratory Analysis of (mg/200 mt) 233u 234u 235u 2360 , 238u

ORNL-Westinghouse U0 Dosimeter Soludon H .91 <0. M 0.00M 0.0322 0. M 1 99.9673
38

HEDL (by IDMS*) U0 s me er S lu ion .O <0.@l 0.034 <0.@l 99.963
38

Fe Content
HEDL Fe Charpy Solution (mg/mt)
(by Atomic
Absorotion) Sample No. 2450 2.436

Sample No. 2451 4.053

Sample No. 2452 7.665

Sample No. 2453 4.433 g
;

Sample No. 2454 6.459

Sample No. 2455 4.858

Co Content
(wtt)

vendor
Certification Co/Al Alloy 0.15

EDL Co/Al Alloy Irradiation will be made at NBS with subsequent

(by Neutron analysis at HEDL. Comparative calcuiations will
Activation) be made from both relative ratios to SRM 953, ,

Imaterial irradiated simultaneously, and from the
thermal cross section and certified flux-fluence.

* Isotope dilution mass spectrometry.

|

_ _ _ _ _
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TABLE 11

REPORTEDSURVEILLANCECAPSULESSINGgFe(n.p) RESULT
FOIL

FLUX / FLUENCE VALUES ($4 > 1 MeV) RELATIVE TO

Reactor Name Service $1nale Fo11 Flun/ Fluence > 1 MeV
(Vendor-Type. Country, Laboratory e e ,238 (n.f)(f) ,237Np(n,5)(f)Operation Dat ?) Report 58mg(n o) 63Cu(n. ) 0

Point Beach 1 SMI(1973)I*I 1.09 1,63 1.61 2.17
I(West. PWR, USA, 12/10) (Reported'I Surveillance Value: 1.0(Fe))

Same (Angle A) West.(1979)IDI 0.80 1.51 ICI 1.03 1.25
Same (Angle A + 180') West. (1979)(b) 1.01 1.41 ICI 1.13 1.01

(Reported 'I Surveillance Value: 1.0(Fe}}I

Average Values for Seven best.(1979)IDI 0.97 1.25 ICI 1.08 1.15
West. Power Plants

Hustoldt Bay 3 GE (1967)I'I 0.88 0.80 -- --

(GE 8WR, USA, 8/63) (Reported'I Surveillance Value: 1.0(Fe))I
|

San Onofre 1 SWRI(1971)I*I 1.00 1.27 1.10 1.42
(West. PWR, USA,1/68) (BNW $pectrum 1)
(nest. PkR USA,1/68) SWRI(1971)I*I 1.05 0.88 1.29 1.45

(BMW $pectrum 2)
(Reported Surveillance Value: 0.85 (JAND II, multiple
foils))

Oconee 1 B&W(1975)I*'DI 1.18 2.50 2.70--

(8&WPWR, USA,7/73) (ReportedbI Surveillance Value: 1.0+2.5=1.76(Fe+U)]
2,

1

ICIDoel 1 CEN/SCK (1979) 1.09 1.51 2.41--

, (8elgium-West. PhR. CEN/5CK (1979) 1.09 1.06(d) 2.41--

f Belgium,1/75) (Reported 'I Surveillance Value: $1.09(N1)]I

(a)The results reported in Columns 3-6 are based on the application of old standards, procedures and
data and are, therefore, not representative of current capabilities and technology (see Table 5).

(b) Surveillance capsule flux perturbation corrections were calculated by Westinghouse to provide necessary
correlations between the U. Np, CW, Ni and Fe results. No other results shown in the table were cor-
rected for perturbation effects. The current Westinghouse and B&W analyses (Table 5) have made use of
newer standards and recoussended procedures and data and are, therefore, more representative of current
capabilities and tecbnolo .

(c?ENOF/8-IVe(E)for#3Cujo ).
(d;Mann-Schenter e(E) for 3 u(n. ).
(elThese reported surveillance capsule measured fluence values are used for correlatfng the surveillance

capsule metallurgical data with other test and power reactor data. They are also used for making
localized predictions of expected PV lifetime neutron exposures and/or can be used to simply confirm
the corregt'less of one , two- and three-dimensional reactor physics computations.

(f)Sased on 'J'Cs analysis; the N1, Fe and Cu provide experimental fluence data for time periods up to
about 1 year. 5 years and 25 years with a knowledge of the surveillance capsule flux level time

tory. This infcrmation is not needed, however, for a reliable interpretation of fission foilgCs(t1/2 * 31 yrs) results.

s

-



TABLE 12

RESULTS OF FAST NEUTRON 00SIMETRY FOR CAPSULES V AND R FOR KEWAUNEE
(Demonstration of the Value of Using Multiple Sensor and

Benchmarked Reactor Physics Results)

Adjusted Saturated Activity 4 (E > 1.0 M ovl 6 (E > 1.0 Mov)
2 2(dis /s) (n/cm s) (n/cm )

Capsule Reaction Measured Calculated Measured Calculated Measured Calculated

1.36 x 1011 1.45 x 1011 5.36 m 1018 5.71m1018V Fe54(n.p)Mn54 5.30 m 106 5.65 m 106

Cu63(n.alCo60 4.51 x 105 3.86 x 105 1.69 m 1011 6 66 m 1018

Ne58(n.plCoS8 7.27 m 107 8.37 m 107 1.26 m 1011 4.96 m 1018

Np237(n.1)Cs137 7 84 m 107 7.01 m 107 162 x 1011 6.38 m 1018

1 167 m 1011 6 58 m 1018U238(n.f)Cs 37 8 89 m 106 7.72 a 106

9 68 m 1010 1.45,1011 | 3.37 m 1019| 2 06 m 1019R Fe54(n,p)un54 3.77 m 106 5 65 x 106

CuS3(n.alCo60 4.94 m 105 3 86 m 105 186 m 1011 2 64 a 1019

N,58(n.p)CoS8 8 50 m 107 8.37 m 107 147m1011 2 09 m 1019

Np237(n.f)Cs137 nos 7 01 a 107 _no,

| determined detertruned

| r e238(n.f)Cs137 8 33 a 106 7.72 x 106 1.56 m 1011 2.22 a 1019

|

|

*The 54Fe(n.p)54Mn results obtained from Capsule R are inconsistent with the remaining dosimetry
from Capsule R as well as with the iron data from Capsule V. The iron data from Capsule V agree

for Capsule R, the iron data are low by 51%. The
with the overall average (within 12%), whjjgd This demonstrates the value of having multiplereason for this discrepancy is not known.1
sensor, more than one surveillance capsule, and benchmarked reactor physics results so that " bad"
sensor data points may be easily identified and assigned higher ur. certainty values.

. . . . .
. . . . . .

.. . . . . . . . .
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TABLE 13

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) ANALYSIS PROCEDURES AND DATA (a)
[ Range Evaluation (Maxima / Minima) of RM Results Based on First PSF-SDMF Test]

seese,t i sa tal 46 .ea,d_ n 6icei. i 54m i

f el.,Iiset no seu. i sat w i saue i e sau. i s alTe- 7 e .i e neue i seta i tone i g raue i s.ue i ene i g

set . I l.14 C/0 1.10 DM I.06 0/C 6 1.39 C/0 9.16 C/0 1.04 C/I 6 1.11 F/0 ... l.09 f /t 6 1.38 C/3 4.11 C/5 1.04 C/f 6
set . 3 8.28 C/3 0.09 A/S 1.05 A/C 6 l.44 C/0 1.21 C/0 1.04 C/A 6 1.05 C/t 1.06 C# . 6 1.27 C/9 I.10 A/S 1.0e AM 6
ist . 2 1.25 C/9 l.13 F/t 1.06 FM 6 3.42 C/0 1.19 C/3 3.00 C/t 6 I.06 C/E I.09 C/t . 6 1.46 C/3 1.12 A/S I.06 A/t &
lest . 4 l.28 CM l.14 F/S 1.06 F/t 6 8.41 C/3 1.09 C/3 1.00 C/E 6 1.08 C/E I.09 f /t 4 1.43 C/0 1.13 C/s 3.04 C/F 6

Saf e{e 1 Seeser 59

te/alle*lTe i
)

saim i not se i veta i a set me. Neue i saue r fa w
'lef . I l.15 C/A I.03 f/A 3.03 f/A 3 W.3 I.15 CM 1.09 CM l.06 C/F 6

set . 3 1.02 C/t 3.02 A/t 8.02 A/t 3 et . S 3.85 C/0 1.11 C/B 1.04 C/D 6
ser . 2 1.23 C/A l .04 f /A l.04 t/A 3 W.4 1.0h f /9 0.09 C/0 0.05 C/F 6
ist . 4 I.12 C/t 4.01 A/E 1.01 A/t 3 at . 6 1.23 C/S l.17 C/9 1.07 CM 6

235u e fL0sl40 2 3h a ' '8'*e # 3*"( *. ' 1''''- L
''**i(a 'L'3'rsret >ienatu i set eMie i W pat u i aue i l abs Hiw I sat se i aatie i les same a ustTe sMie 3 g

W.3 0.06 A/E -. .- 3 1.19 C/0 9.22 A/C l.00 A/O 4 1.09 0/C I.22 t/C 1.00 0/t S .- I.it g/C 3
*

W.5 1.19 A/D . -- 3 1.73 C/D 1.19 C/D 1.07 C/E 4 1.58 C/t 1.29 C/s 1.42 C/t 5 l.33 C/D .- 3
W=4 1.0$ A/S .. . 3 8.30 t/0 1.09 A/C -- 4 1.83 D/C 1.14 t/C 1.07 A/C 6 . 1.05 i/C 3.

W.6 1.43 A/O . . . . 3 1.43 C/D 1.14 A/O -- 4 1.15 C/I I.ll A/C l.07 A/9 6 1.07 g/0 . 3.

23?an a f 140sa 237
satI.(n.f)le),e 23F ,i,f 3 _

237, e f 137ne se 95 rt
satu i self. ai se i m usue i i saue i e s.ti. i saue sata i e neuei mal e sue i m

W-I 5.10 A/F . I.04 A/S 4 l.32 C/F 1.Il A/C .- 5 1.16 A/E I.21 t/C t,16 A/E 6 .- 4.09 t/C . 4
et . 2 1.11 A/E -- . 4 1.27 C/f 1.12 AM . 5 1.14 0/F . . 6 l.12 i/0 -. 4

a.fil4004 23a (e.f)l0]ge 23d ge,ygtig, g jg, gj7u y

T'ile i pet to 7 Ret le i i abs set se i setle 7 satle i Ies Het le i Batle I setle i I abs ret to y pMle i sat te j g
a

W.I I.09 A/D . 1.04 t/E 4 1.44 C/F l.Il A/F . $ l.16 C/F l.13 t/C l.06 8/F 6 .- 3.00 f/C .- 4
WI 1.09 A/t .- ... 4 1.27 C/F l.07 A/t . 5 1.1304 .- ... 6 .- I.06 t/E . 4

(a) Fear senders and too service laboraterles participat in this test. All laboratories renale amenymes fer these laterCesparlsens and are
identified eely as Laboraterles A. 3. C. D. I and f. 'I the table evaleatten shaus the present leerstery te-laneratory cesserative states
het aise shoes the leprovement to the data cessertsans (Sat 6es 2 and 31 as a result of laterte evaluatless and disconstens ulth participants.
Batte 2 was oblateed af ter discusstens with participants and sesegseet remorslag af data by participants. For Belle 3. and for the case of
menfissile sensers. the results fram teheratory 8 appeared to be coastst .*ly biased les and were, therefore, est used. le the case Of the
fissile sensors. If a participant appeared to be def fettely Stased, those r sells were est used to Batte 3.i

(b)est-I and it.I are senser set identificattee neghers for specific perterhed latat tent le 5-in a 5.le, stateless steel slaulated serveillance
f apseles for ths),f 6Fst p'f.50st testi see table 7 for a pre 16eleary camparisen of C/t ratles.

(c 4setts for the seFe{a.y) reactten were not reported by one leheratory af ter prelleinary recalibratlee of their counting system.
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COPFARISON OF RESULTS OF INTERLABORATORY C0fjSISTENCY
IN MEASURING NICKEL' FLUENCE STANDARD *,ta)

'

,
- .

235U Fission Spec * rum Fluence in 1015m/cm2 .

Nickel Repor MB5 Ratio of ReportE
Foil ID Value Value(C) to NBS Valus

i AP 1.48 + 5.5 % 1.51d7.5% 0.98 ; ] 3. [,

AR 1.479 1 0.84% 1.47 1 2.7% l.01 .. |,

'

AS 1.491 1 1.2 % 1.47 t'2.7% 1.00

AU 1.672 + 2.9 % 1.58'+ 3.6% 1.06 '$ ,',

,

BL 2.85 1 4.0 % 2.66 [ 2.5% 1.07 g-

BM 2.60 1 2.26% 2,65 1 2.7%, 0.98 \ "' ' '

,

BN 2.388 1 0.07% 2.7412.8% 0.87 , , ,
' ''

BV 2.479 1 --- 2.36 1 2.8% 1.05 y
; BW 2.25 1 2.0 % 2.23 r 3.0% 1.01

'

i BY 2.17 + 4.0 % 2.23 + 3.2% 0.97
~

BX(1)(b) 2.286[3.1%' 2.20k3.2% IIO4 ' ' l
'' '

BX(2) 2.232 1 1.2 % (2.20 + 3.2%) 3 1.01 s
,

CA 1.964 +- 2.10+3I2%- O.94'---
-s - .%

CD(1)h) 2.08 1 (1.8 %) 2.12 + 3.5% 0.Sh ,

I CD(2) 2.10 1 (1.7 %) (2.12 1.3.5%) C.99

CD(3) 2.13 1 (1.7 %) (2.121-3,5%)\ 1.00'

CG 1.61 + 3.0 % 1.66 + 2.9% 0.97

! CI 1.96 1 1.6 % 1.73 1 3.2". 1.13

0.932.30 + 2.7%CJ 2.14 + i---

CL 2.26 + 3.3 % 2.23 + 2.91- 1.01

Fluence Scale Adjustment R&nge (1.13 + 0.87) T.3N - .

'

|

(a) Prepared by activation of the 58N1(n.p)S8 o reaction in the*NBS Cavity,C

j 233U Fission Spectrum. -
' %' i

.

(b)All laboratories remain anonymous for these intercomparisons, 'ss air \
(Tables 7 and 13). Similar comparison of results'

forthePSF-SDMFTegFe(np)54Mn, 238U(n f)FP, 237Np(n,f)FP,etc.] .'forothersensors[
will be reported in the future by the LWR \ Surveillance 00simetry
Improvement Program participants. gt

,

(c) Accuracies differ within various sets becaJse of: positioning uncer- _'
tainties in foil stacks and flux gradients. ~7 hey also differ for $

(d)various irradiations.
-

0ne laboratory reported two values: One fus 64(L1) and one for Nals \

(e) counting.Three different groups counted this foil but did not report fluence ' \.(
s. 3

but specific activity on January 29, 1979c Group 1 reported 8164 . .
1 1.7% dps; Group 2 reported 8257 1 1.8% dps; Group 3 reported 8277
+ 1.8% dps. Fluence values were dertved'using s 102-mb cross sect 13n. s

,
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$lMSRY OF THE PROCEDURES AND REQUIREMENTS FOR*

4
-

RPV EM8AITTLEMENT 005! METRY SURVEILLANCE ANALYS!$

1.0' Dostmetry . Physles

4 1.1 Flus, Fluence MWt, EFPY from surveillance capsule measurements. (E s).tt

.1.2 Flun. Fluence NWt EFPY for EOL prediction (calculation) from F$AR. (Cgs).

1.3 Make (Cg/Es) comparisons,1 = 1. ...n. If 1.30 < C /Ei < 0.70 (305 discrep-t
ancies) start over and bring calculations into agreement with measurements

' using benchmarking methodology. [ Note: The actual values (0.70 and 1
will depend on the variable "1" of. interest; also see ASTM E706 (II-0).g))

2.0 Calculate ratios of e > 1 MeV, dpa (using ASTM E706 (I D)). (o e fluence, n/cm2)

} 2.1 Accel. surveillance location; vessel wall surveillance location; vessel wall;
; . 1/4 T; 3/4 T; ex-vessel locations (if necessary for support structures and

physics verification).'

| 2.2 Plot and tabulate results of azimuthal e for accel. surveillance; vesselj- K wall surveillance; vessel well; 1/4 T; 3/4 T; ex-vessel locations.
i

i 3.0 Plot e > 1 MeV and dea vs aRTNOT for surveillance capsule. P1
priate Regulatory Guide 1.99.1 and ASTM E706 (II-F) curves.(2egalso appro.!

%,

3.1 Determine acceptable (conservative 7) trend curve (for example, Figure 5).>

3.2 If plant-specific curve is selected, the errors in aRTNOT, a and dpa.,' .

must be sufficiently small 50 that this curve can be accepted instead of
Regulatory Guide 1.99.1 or ASTM E706 (II-F).,

1
~

aRTNOT errors must be resolved using ASTM E706: I-A, I-C. I-E, I-F,
s

i .

{ I-G,1-H, !!-F, III 0, and !!!-E (as required). ,

8 '

e errors must be resolved using ASTM E706: I-A, I.C. !-0. II-A, II .8,.

II-0, II-E, I*I A-D (as required).
i ~; otherwise, use Regulatory Guide 1.99.1 or ASTM E706 (!!-F) curve.

4.0 Pevise/ update PV wall and 1/4 T aRTNOT vs e and dpa curves.

{ 5.0 Draas new 197 (minimum pressure-tesoerature) curve and determine remaining PV safes
itfe. If it is less than FSAR predication (e.g., typically 30 to 40 years):;

5.1 Consider replacing corner / edge fuel elements.

15 5.2 Consider annealing vessel.
!' s

! % 5.3 Consider other options.

6.0 Additional data needed in Surveillance Reports in support of steps 1.0 through 5.0.
> 6.1
-

Tabulated, with assigned uncertainties and correlations, spectrum (group fluxes)
from core edge through survettlance capsule, vessel wall, 1/4 T. 1/2 T, 3/4 Ti s; and ex vessel cavity locations.

6.2 Power-time history for surveillance capsule and cavity positions.j - .
)' 6.3 Fusi subassembly power distribution for physics computations.

> 6.4 verification of FSAR values by BWR and PWR generic and PCA/ PSF (50W)-PV mockus
j results and update of original FSAR values using surveillance capsule and cavity
j results (f.e., by appitcation of appropriate ASTM E706 Standards. Figure 3).
1

: 6.5 Tabulated and ve*1f ted dimensions and location of surveillance capsules and
j pertinent reactor internals, f.e., during normal PV inspections for flaws.

; 6.6 Tabulated physical dimensions, desertation and layout of surveillance capsule
; contents.
!

'

i
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IMPROVEMENT OF LWR PRESSURE VESSEL STEEL EMBRITTLEMENT SURVEILLANCE:
PROGRESS REPORT ON BELGIAN ACTIVITIES IN COOPERATION WITH

THE USNRC AND OTHER R&D PROGRAMS

A. Fabry, J. Debrue, Ph. Van Asbroeck, G. and S. DeLeeuw,
G. Minsart, L. Leenders, H. Tourwe

CEN-SCK, Mol. BELGIUM

J. Widart, R. Salkin
S. A. Cockerill, Liege, BELGIUM

SUMMARY,

The activities reviewed in this progress report encompass
three major areas: (1) application of fracture mechanics
structural integrity analysis to reactor pressure vessel
beltlines; (2) characterization of material properties; and
(3) neutron and gamma radiation field dosimetry and physics.

After placing these activities in current regulatory
context and indicating their scope, direction and goals,
engineering application of linear-clastic and elastic-plastic
fracture mechanics is illustrated using as example the BR3
Belgium reactor and assuming a projected saturation at the
threshold of which the 10 CFR 50 Appendix G Section IV.A.2
fracture roughness requirements would just be infringed. For
normal criticality operation and upset transient loads
under the hypothetized conditions, ductile tearing and ASME XI
crack initiation considerations indicate that safety margins
are still very substantial, due to an excessively conserva-
tive dimensional vessel design which results in low pressure-
induced stresses and negligibly small thermal stresses. For
severe postulated accidental loads, crack arrest and
warm-prestressing are not effective, but thermal stress effects
remain unimportant and initiation of hardly detectable shallow
flaws, an overwhelming concern in case of pressurized thermal
shock, appears precluded or very improbable; more work is
necessary to quantify this tentative assessment. The plant
specificity of safety analysis is again and most clearly
evidenced by this BR3 example.

Reviewed next are mechanical and metallurgical properties
for an advanced 508cl.3 steel forging from the integral vessel
of a modern plant, DOEL-IV. Irradiation-induced Charpy-V
transition temperature and upper shelf shif ts observed at a

neutron fluence (>l MeV) of N2.6 x 1019 -2 in the Oakcm
Ridge PSF Simulated Surveillance Capsule (550*F) are
exceedingly small, and significantly below the USNRC
Regulatory Guide 1.99 rev. 1 predictions. General emphasis
of this steel irradiation program are outlined.

45
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This is followed by a discussion of the PSF start-up
environmental characterization program intended at indicating
the work still useful to draw full advantage of this inter-
national applied dosimetry standardization opportunity
and needed to link its interpretation with the extensive
low level dosimetry and spectrometry experiments in the
mock-up PCA 4/12 SSC and the PCA blind test configurations.

The status of physics and dosimetry activites in progress
to benchmark transport theory calculations of surveillance
capsule lead factors and exposures to ex-vessel support
structures is finally summarized. Introduced here is a PWR
engineering mock-up at the VENUS critical facility, being ,

assembled for a forthcoming interlaboratory program to
investigete the interface of core management and ex-core
azimuthal fast neutron and gamma heating analytical predictions.

1. INTRODUCTION AND OVERVIEW

The objective of the present Light Water Reactor Pressure Vessel
Surveillance (LWR-PVS) Research and Development work is to contribute
developing a coordinated capability to assist the nuclear industry in
assessing potential failure risks and eventual mitigation strategies
related to the operation of the primary fluid containment and its
support structures in PWR power plants. This capability is aimed at
addressing in a timely and efficient manner any safety and licensing
issue susceptible to arise relatively to the accepted and future
regulatory practices which, for pressure vessel beltlines and their
support structures, presently follow the U.S. Code of Federal
Regulations 10 CFR 50 (App. G and H) and 10 CFR 21, respectively.

Extensive work in progress encompasses the activities and topics
summarized by Table 1. A number of recent publications -6 as well as1

many related papers at this symposium -32 provide detailed insight7

into some of these efforts, the direction and current achievements of
which are reviewed herein in the perspective of underlining activities
that currently involve a significant Be'lgium contribution. This is done
using outlines of a few illustrative example cases, with emphasis on
material not covered in the quoted references.

The work strategy intensely relies upon a selective participation ,

to dedicated international R&D activities in the considered field.
Particularly successful thus far are direct cooperation exchanges between
Belgium and: the USNRC research branch and its contractors at Hanford
Engineering Development Laboratory, Oak Ridge National Laboratory, the
National Bureau of Standards and the Naval Research Laboratory, the
Electric Power Research Institute, the German program at KFA (JUlich)
and the PTB. In the dosimetry and physics activities, these exchanges

_ _ _ _ - - _ _ _ _ _-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Table 1. Scope and Interrelationship of Activities

Application of RPV
Structural Integrity Analysis

* Heat-Up and Cool-Dcan
Pressure-Temperature Limits

ASME III, 10 CFR 50 App. G
* Low Ductile-Shelf Tearing 1

|
TAP-All

* Accidents
ASME XI, OCA-I

Material Properties:
Metallurgical and Mechanical Neutron Dosimetry and Physics

* Mechanical Testing

|
Lead Factor and Fuel Management* *

Instrumented c and Tensile Benchmarks
#K

Ic
PCA, VENUS, NESDIP (UKAEA)

J-R Curve Compliance M1 rn ells

* RPV Steel Irradiations * Test Reactor Characterization
A508 cl. 3, A533 B cl. 2, Soudotenax PSF, HSST, FRJ-2, BR3

* Metallurgical Trend Curves Correlations * Power Plant Characterization
Chemistry, Temperature, Heat Treatment CalculationsNeutronic Exposure In- and Ex-Vessel Dosimetry

BR3, DOEL I & II, TIHANGE I
* Assessment of Vessel Anneal

Standardization of Gamma-Ray Flux and Heating Penchmark-Field Referencing
Measurements and Prediction Mol and NBS Cavity Fission Spectrum

Standard Fields, Oak Ridge SDMF

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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have been extended to cover specialized links with the UK program at
liarwell, Winfrith and Rolls Royce Associates, with the Dutch program
at Petten and with the French program at Saclay and Grenoble. The
development of new ASTM standards, practices and guides for LWR-PV
surveillance 33 serves as a significant focus for these efforts. Further
coordination and guidance is provided by regular contacts with the
EURATOM Working Group on Reactor Dosimetry, the I.A.E.A. and the C.S.N.I.

The other important aspect to underline is the work " educational"
value, more especially in helping to establish an improved ability to
combine R&D findings with the recourse to and monitoring of commercially
available expertise and consulting services. This is accomplished by
trying to keep the R&D activities (Table 1) in " tune" with the logics
and evolution of regulatory views and by trying to respond to identified
or foreseeable needs of the nuclear utilities.

Two distinct licensing requirements form the backbone of the latest
regulation relative to the fracture toughness of reactor pressure vessels:

1. Protection against failure by tearing instability (ductile regime,
100% shear fracture):

USE > 50 ft.lb (67.8 joules) (1)

USE: Upper shelf energy absorbed in the c -impact test (at the"
vessel operation temperature)

2. Protection against non-ductile failure:

Applied Load x Safety Margin < Material Strength (2)

<KIR ( - NDT2K79 + KIT
+ 4

Pressure Thermal Reference Fracture Toughness =
Lower Bound of Valid K7,K7, kid

Calculated Stress Measurements
Intensity Factors (indexed to reference temperature T-RTNDT

NDT = (unirradiated nil-ductility temperature) + ARTNDTwhere RT
irradiation-induced shift. From this relationship are derived the
pressure versus temperature heat-up and cool-down limit curves
P(T); at core criticality, these limits must furthermore be shifted
conservatively by an additional margin of 40*F.

Schematically, surveillance-capsule measurement results enter into
the application of requirements of (1) and (2) at two stages:

_ _. .. _ _ _ _ _ _ _ _
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* Mechanical testing and dosimetry data are used to consolidate
plant-specific " trend curves":

USE (neutronic exposure) (3)

ARTNDT (neutronic exposure) (4)

the neu,tronic exposure is expressed as fluence of neutrons with
energy greater than 1 MeV or, more appropriately, as dpa.34

* Dosimetry data are used to consolidate reactor physics calculations
of in-vessel neutronic exposure projections (lead factors) at the
end of the considered plant service cycle: the derived exposures
are then input to (3) resp. (4) in order to apply (1) resp. (2);
to this respect, ex-vessel dosimetry measurements 27,52 are a
particularly relevant supplement to surveillance capsule dosimetry
and to the extensive low power benchmarking studies in PCA,3 VENUS
(Sect. 4) and NESDIP.20

Whenever (1) or (2) or both are not satisfied, continued plant operation
can still be insured, pending (10 CFR 50 App. G Sect. V-C) complete
in-service inspection of the beltline Regulatory Guide 1.150, additional
fracture toughness assessment and the demonstration, by adequate fracture

35 36mechanics analysis (Sect. 2) that the safety margins remain neverthe-
less sufficient; if they are not, a vessel anneal * or the plant shut-down
are necessary.

| Advances in steel-making and vessel fabrication technologies (Sect. 3)
'

have been so successful that for recent and future plants, (1) and (2)
are unlikely to become unsatisfied during the normally planned reactor
life. Some less recent vessels may however contain weldments that will
eventuallybecomevulnerableforinstancetoag8ressurized thermal shock
subsequent to an overcooling accident (OCA).32, Timely reduction of
vessel wall exposure by fuel management methods (low leakage cores)25
provides a practical and relatively inexpensive approach to reduce or
eliminate the risk of such occurrence. On another hand, accelerated
test reactor irradiations of relevant base metal, heat-affected zone
and weld specimens allow early examination of the steel performances and
contribute to the elaboration of an adequate metallurgical data base:
trend curves and correlations. Such irradiations generally involve
excellent temperature stability and spatial uniformity. This is crucial,
given the sensitivity of RPV steel embrittlement to this parameter.
Conflicting views still exist regarding the actual difference of tempera-
ture between surveillance capsules and reactor vessel walls, while
heating within the reactor core internals remains ill-understood. A
systematic investigation of the gamma-ray components of the PWR radiation
field is in progress 28-30 and will be intensified in the frame of forth-
coming interlaboratory work in VENUS (Sect. 4) and in the Mol cavity
fission spectrum standard field.22

*

Licensing requirements as yet unspecified, but technology seems at hand.37

,

_ _ - - _ _ _ - - - _
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2. APPLICATION OF RPV BELTLINE STRUCTURAL INTEGRITY ANALYSIS

The example case used here for discussion is BR3, a 11 MWe one
loop plant owned by CEN-SCK; vendor: Westinghouse; vessel manufacturer:
Babcock-Wilcox. Test bed for advanced PWR fuel and plutonium recycling
development and for steel irradiation (Table 1). Benchmark in terms of
dosimetry, physics, metallurgy and fracture mechanics analysis activities
(vessel and water shield tank support structure). Future decommissioning
test bed also.

Beltline " weak links":
- Plate (Lukens): USE may be < 50 ft-lb
- Vertical weld seam (B&W): high cooper, high nickel, low USE;

automatic submerged-arc;

extensive stress relief (4.5 hours at
1150*F; 8 cycles);

operation temperature: 500*F.

Highly conservative vessel design (Table 2):
- inner diameter: 58.2 in.

- thickness: 4.37 in.
'

- operation pressure: 2000 psi.

Defining arbitrarily end-of-life (EOL) as the time at which require-
ment (s) (1) or (2) in Sect. 1 become(s) unsatisfied (future economic
and safety considerations may not favour such kind of definition for
more modern vessels), it is relevant to question how much more time
beyond "EOL" will a vessel operated under such conditions remain
fracture-safe?

2.1 Requirement (1) : Upper Shelf Fracture Toughness

At a c -upper shelf energy as low as 35 f t.lb, the allowable BR3* y

is6700psiormore.glastic
level" elastic-primary coolant pressure according to a "J 50

Ofracture mechanics (EPFM) analysis 36,39
Safety margin relative to operation pressure: >3.3; required: 2.
The vessel is safe, Fig. 1.

Under the same operation and metallurgical conditions, the " refer-
ence" vessel in Table 2 would be considered unsafe (margin: only
1.6 to 1.8).

Furthermore, non-linear elastic effects are unimportant in this*
BR3 case and linear elastic fracture mechanics (LEFM) is applicable
(negligible stable crack growth); conceivable conversion from slow
ductile tearing to unstable cleavage crack propagation would pose
no threat: because no crack initiation. Assumptions made for the

. .

.. -
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Tabic 2. Geometrical Characteristics and Safety Performance
Ratio for Current Reactor Vessel Designs

SafetyInner Radius Thickness (w) r aVessel typ - Perf rmance
(typ.) (typ.)

Ratio

ASME I 54.5" 8.25" 7.11 1.52
ASME VIII 77" 10.63" 7.74 1.23
ASME III 110" 10.88" 10.61 0.88
BR3 29.1" 4.37" 7.16 2 07

5Reference 96" 8.5" 10.62 1

a
Limiting pressure relative to reference model, according to the relation

_

(3[ /d\P
w /refi

~ *

L -

1
\w |0ref

/i

b
Normalization.

estimation of the upper shelf crack initiation static fracture
are gathered in Table 3 (EOL yield strength estimatetoughness KIc

for BR3 plate: 85 ksi).

Approximate illustration of the plant-specificity of requirement (1)*

severity is provided by Fig. 2. For ASME I or more conservative
designs (BR3), the older regulatory requirement of USE < 30 ft.lb
does not seem unreasonable. On the other hand, for modern vessels
meeting the ASME III design, it appears most warranted to develop *

improved ductile fracture instability criteria valid under extensive
stable crack growth.41

2.2 Requirement (2): RT
NDT

* For the BR3 vessel design, the critical RTNDT value is 400*F, Fig. 3.
Thermal stress effects are very small and elementary hand calcula-

| tions agree well with a more exact computer analysis.43 The42

is 10*F42 but ARTNDT versus neutron exposure is
| unirradiated RTNDTcurrently very uncertain due to the lack of applicable irradiation

data at a temperature of 500*F and at neutron fluences >l MeV
exceeding 2.5 x 10 cm-2: in particular, there is not a single19

observation under these exposure conditions for the considered
" weak link" weld heat and the relevant heat treatment (the importance

44 seems to deserve further scrutiny). Consequently
,
'

of stress relief
an upper bound trend curve needs to be applied at present.

|

I

,
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Table 3. Upper Shelf Fracture Toughness Estimates

K (Ksi M ) Estimated by Correlation

Energy
Mer 1-Dougan# dUSE Rolfe-Novak" Barsom Paris

(ft.lb) o =85 Ksi Rolfe J/T=50ys o =85 Ksi o =100 Ksio o

35e 114 113 106 99 104
40 123 125 117 109 116850 139 147 137 127 138

a( KIc\
_ _2
USE

! | =5 - 0.05 where o is the uniaxial tensile yield
\ ys/ _ ys _

Y8

strength (Ksi).
bg2

( r s e c h mo M us of das & M=

E

(30700 Ksi for considered material at 500*F) .
#
See ref. 36.

dg
= [5 /56.25 + 2 USE - 37.5]2,

E

#Lower bound of J50 experimental resistance curve data obtained by
56F. Loss (NRL): at 35 ft.lb + K = 113 Ksi E ; at 50 ft.lb +y

Kyc = 13] Ks i 6.

Thedefinitionofneutronexposureisprobablg'ratherconservative.i MIt is based on transport theory calculations which are signifi-
cantly larger than measurements between the core boundary and the
barrel.

* Figure 4 illustrates the considerable safety margin actually left
at steady-state full power operation when point A on Fig. 3 has
been reached. The LEFM crack-opening mode strain-plane stress-
intensity factor K1 has been calculated for hypothetical surface
flaws of variable relative depth a/w (w: vessel thickness) and
for two flow aspect ratios: (a) the ASME III quarter thickness

45reference flaw shape (a/t = 1/6); (b) the long axial flaw
(a/t = 0) considered for overcooling accident analysis.46

traverses for two assumed values ofThis compared to KIc and KIa
RTNDT. Point A on Fig. 4 corresponds to point A on Fig. 3. Crack
initiation occurs on the upper shelf for a/w = 0.6 to 0.7: 1.e.,

in practice, it is ruled out. Because of the large RTNDT values,
crack arrest would not be effective, but is irrelevant in this case.
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For any normal or upset pressure-temperature transient contained*

between the limits in full lines on Fig. 3, and considering that
ECCS repressurization in BR3 cannot exceed 1000 psi, it is similarly
found that no crack initiation is realistically conceivable and that
if it did nevertheless occur, it would be limited by warmprestressing
(WPS) so that the remaining ligament would not burst.

2.3 Accidents
* Relatively poor regulatory guidance calls for enhanced R&D activities.

The double-end large pipe break loss-of-coolant accident (LBLOCA)
has long been a concern, largely extinct today, and obsolete for
BR3 because the stresses during any tranc-lent are controlled by
pressure. More realistic a threat is the pressurized thermal
shock, given the significantly larger probability of an overcooling
accident (OCA) such as the ones experienced at Rancho Seco (Fig. 3).
These accidents are very plant-specific. Plant Final Safety
Analysis Reports (FSAR) can be lacking crucial information relative
to their probability.

Should a " Rancho Seco" transient develop in BR3, the relative*

critical crack depth evolution with time for long axial flaws would
be as displayed on Fig. 5: no crack arrest; varmprestressing
ef fects unreliable as a safety barrier; but minimum critical flaw
depth for initiation at RTNDT = 400*F comparatively substantial,

!i.e., (a/w)c = 0.15 and a = 16.6 mm - as cempared to 0.023 and
|c

5.4 mm respectively for the reference vessel in Table 2, under the I

same material, irradiation temperature and neutron fluence conditions.
Based on in-service inspection results of welds similar to the
considered one, it is deemed unlikely that vertical axial surface
flaws of depth exceeding 8-9 mm could be present in hP3; further-
more, they would not be infir.itely long (a/t = 0) befare initiation
and would thus entail smaller K1 values than the ones adopted to
generate Fig. 5 (see for ex. Fig. 4). Fatigue crack growth analysis
based on non-destructive examination (NDE) results of the as-
fabricated weld is planned as a means to conservatively assess this
view.

* It must be noted that the most severe faulted transient F served in-

BR3 after approximately 20 years of operation does not entail EOL
crack initiation. On another hand, at RTNDT = 360*F on Fig. 5, |

a = 21.1 mm, implicating that the OCA safety hazards long beforec
"EOL" (time-wise, given the metallurgical trend curve considered)

*and at "EOL" are not significantly different.

*

Further work is necessary to improve upon the current evaluation of the
evolution with neutronic exposure of the most credible overcooling
accident probability compounded to the probability for flaws to exceed
the corresponding critical initiation depth.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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3. MATERIAL PPOPERTIES: METALLURGICAL AND MECHANICAL

This work is aimed at contributing to unravel the effects of
irradiation on steel embrittlement and is done in support of the current
surveillance programs.

Table 4 summarizes the scope: extremely focused upon actual power
reactor materials and Charpy-V indexation of fracture toughness varia-
tions - a safety conservative approach in the transition range but not
on the upper shelf and operation temperatures of %550*F. Careful
irradiation monitoring is emphasized.

Table 4. General Emprasis of Steel Irradiation Program

* Base Metal, Haz and Weld: 508 cl. 3, 533B cl. 2, Soudotenax

* Specimens and Test Matrix-

Cy (Full Transition Curve) 12-18 Samples

Tensile (Room Temp.,
Irradiation Temp.) 2-3 Samples

Temp, Compression Cylinders 0-15 Samples

Jrradiaticn Conditions:*

Neutron Fluence Range 1.1019-6.1019 cm-2ba
i

I Flux Levels # 2.1111-2.1013 cm-2 s-1
1

Temperature 550'F ( 5-10*F)#

* Irrediatica Monttcring:

State-of-the-Art Dosimetry

Correlation Steel: HSST Plate 03
Thermocouples and/or melt wires

#>l MeV.
20 -2cm (Br3).One series of exposures up to 1.3 x 10

#Except for test of support structure performance in the PSF void
box (N150*F).

l

l

_ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _
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The example case here involves the characterization of an advanced
steel from the forging shell of the Cockerill Integral Vessel for a
plant still under construction: DOEL IV. The irradiation program for
this SA508 cl-3 material is well advanced, with 10 complementary
exposures of the base metal completed or nearing completion. Only
one of these 10 capsules has, however, been tested so far.47 For the
weld and HAZ metals, two capsules have been unloaded (BR3) but not
tested; a third irradiation under highly controlled temperature condi-
tions is in preparation.

Table 5 presents a condensed documentation pertinent to the
investigated material, as abstracted from the original certificate
files of the voluminous forging (finished size: 4 meter I.D., 4.1 meter

high, 20 cm thick; weight: 80 tons). Magnetic particle and ultrasonic
(4MHz straight beam, 2 MHz at 45* and 60*) examination of the complete
forging have given no recordable indication. The quality and homogeneity
of this material matches the one of advanced laboratory melts. This
has been recently confirmed by further extensive and detailed investiga-
tion of the chemistry, microstructure and mechanical properties, con-
ducted by UKAEA Harwell, the UK Nuclear Installations Inspectorate and
the John Harrison Weld Institute.

The current irradiation and testing results are synthetized by
Table 5, the neutron dosimetry characterization results by Fig. 6. The
carresponding capsule, SSC-1, was exposed at the " simulated surveillance

Icapsule" location of the PSF retallurigal experiment at the Oak Ridge
Research Reactor (ORR). A second similar c.apsule, SSC-2, has been

19 cm-2 Three capsules within theunicaded after a fluerce of s4 x 10
pressure vessel simulator will soon be uuloaded af ter an %2-year

19 -2, and a HSST capsule,irradiation at fluences of sl, 2, and 4.10 co
left hand-side on Fig. 6,12 containing also the considered steel, is
furthermore available for testing. The other 550*F irradiations which
have been completed enconpass the following fluences (>l MeV) and
environments:

BR3 LF: N 1.6 x 1019 -2cm
20 light water FWRHF: N 1.3 x 10

FRJ-2 Core: N 2.6 x 1019 ..

Reflector: m 4 x 1019 heavy water (Julich) test reactor

This set of experiments is expected to provide a complete " trend curve"
for the material and, at least in an engineering perspective, some insight
into the effect of different neutron flux levels and neutron spectra for

a highly stable (Table 6), advanced steel, as compared to their effect
on more radiation-sensitive heats.

Analysis of the c data as reported in Table 6 has been performedy
4Bby a non-linear optimization technique incorporating the hyperbolic

tangent formulation developed for EPRI.49 This is documented in detail
elsewhere.50

[
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Table 5. Characteristics of the Cockerill A508 cl.3 Advanced
Steel Base Metal (Japan Steel Works, Muroran)

1. Heat Treatment and Microstructure

During Forging #*

40 hr, 30 hr, 50 hr, 30 hr, 30 hr, 20 hr 1250*F electric
furnace

After Forging

Normalizing: 12 h 50 min 900-955*C air cooling

Tempering: 13 h 55 min 630-665*C furnace cooling

Quenching 7 h 25 min 870-900*C water quench

Tempering 6 h 20 min 650-668*C air cooling

After Weldingb

Stress Relief 24 h 600-620*C

o Microstructure: bainite, very homogeneous.

_

2. Chemical Composition
. --

Composition (wt %) for elementsTtst

"P " C Si Mn P S Ni Mo V Cu Co Al

A 0.20 0.28 1.43 0.008 0.008 0.75 0.53 <D.01 0.05 0.013 0.031
B 0.20 0.27 1.37 0.006 0.007 0.73 0.49 <D.01 0.04 0.013 0.033

!
!3. Unirradiated Mechanical Properties

- {
!

# UTest Coupon A Test Coupon B fTest Parameter
|

RT 350*C RT 350*C

2Yield strength (0.2% offset), kg/mm 47.1 40.1 47.4 39.9
2Tensile strength, kg/mm 62.7 56.1 62.9 55.9

Percent elongation, % 27.0 22.0 26.1 23.2
Reduction of area, % 71.7 71.9 72.1 71.4
Drop weight, RTNDT (A M

- - - 0*F

#
Following melting, degassing (40.2 torr) and deoxidation (AL) .

b
Separate furnace simulation for the test coupons.

#
These are two segments 1.9 m long each cut (at 800* from each other) out of
the top end (ingot bottom) of the DOEL-IV shell ring forging before
machining. A third adjacent segment 1 m long, 45 cm high and 23.8 cm thick
was used to extract the specimens for irradiation.

_ _ - _ _ _ _ _ _ _ _ _ _
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Table 6. Summary of Charpy-V Impact Test Results for Advanced
and Reference Base Metal RPV Steels Irradiated in the

PSF Simulated Surveillance Capsule SSC-1 at ORNL

Type of Data
at irradiation temperature: 550*F

A508 cl.3 A533B cl.2
19 (cm-2)at neutron fluence >l MeV: 2.6, 10 (Cockerill (HSST

Forging) Plate 03)

'b CFit to Measurements: Indexation at

30 ft.lb 22.1 ( 19) 110
50 ft.lb 21.8 ( 12)
0.89 mm lateral expansion 27.0 ( 11) 124

Prediction: Reg. Guide 1.99 rev. 1 64.5 169

#Upper shelf drop: undetectable, including at 550*F.
Ph. Van Asbroeck et al.50

#Performed at the Naval Research Laboratory, J. R. Hawthorne.47 The
specimens were extracted from symetrical layers at the quarter thickness
of the experimental coupon [ Table 5, footnote (c)] with the v-notches
directed along the tangential radial face of the forging; this is the
weak-link direction, as the main working direction during hydraulic
press forging was tangential to the shelf ring.

It is interesting to note that the nickel content of the investigated
508 cl.3 metal is relatively high (Table 5) vhile the transition temparature
shift is significaatly less than predicted (Table 6); this supports the
views ,47 that nickel alone does not seem to make steel sensitive to6

neutron irradiation.

4. NEUTRON DOSIIETRY AND PHYSICS

4.1 Accuracy Coals and Status

(a) For definition of neutron exposures within surveillance or test
reactor irradiation capsules:

i10-15% (lo) * needed for improvement of the metallurgical data
base 51

* achievable with modest but necessary work

12* attained in PSF and HSST experiments.

.
.
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(b) For definition of in-vessel neutron exposures and lead factors:
615-20% (la) * needed for licensing and structural integrity

analysis (Sect. 2)
* relatively difficult to achieve; requires further

physics and transport theory benchmark work (SDMF,
VENUS, NESDIP20) as well as increased emphasis on
ex-vessel versus in-vessel dosimetry and analytical

comparisons in power plants (refs. 27 and 52;
DOEL 1, II, and THIHANGE I in progress)

* status: probably in the range !40-50% (lo) for
critical weldments.

(c) For definition of ex-vessel exposures to support structures:

25-30% (lo) * same comments as under b.

Metallurgical, mechanical and temperature variables are also
unsufficiently mastered; in particular, the metallurgical data base is
probably biased, calling for emphasis on upper bound rather than on
statistically-based interpretation. In practice, once a metallurgical
trend curve has been justified for a plant, based on comparison of
specific surveillance results with the regulatory guidances or on these
guidances alone, in-vessel neutron exposure definition is the safety-
controlling parameter whose eventual improvement by enhanced analysis
and benchmarking is the most economic and immediate consideration.

4.2 Dosimetry

Example case: the PSF " start-up characterization program." It
involves three steps:

1. A simplified mock-up at the PCA (PCA 4/J 2 SSC) in which have been
systematically applied the large array of passise and active,
integral and spectrally-resolved techniques used in support of
the PCA " blind test;"3 this includes the Belgium silicon damage
monitors; absolute core power based on experimental fission rate
maps.

2. A series of dedicated ORR irradiations at low and intermediate
power in an " exact duplicate" of the PSF 4/12 SSC metallurgical
configuation; the sensors exposed encompass (a) the radiometric

27103Rh(n,n'), 115In(n,n'), 58Ni(n.p), and Al(n,a) reactions

extensively used at PCA (under 1 above and in ref. 3) and BSR
(HSST dosimetry mock-up);12 and (b) the French graphite and
tungsten damage monitors.10 Power normalization relative to the
next step.

_. ____ - ____ - __-____-___________ __ _-____________.
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3. An 18 d. high power runl4 in the above PSF 4/12 SSC duplicate; all
high fluence U.S. and European neutron dosimeters have been
exposed, including the UK sapphire damage monitors;13 many
laboratories participate; core power: ORR heat balance.

The primary objective was

* confirm the metallurgical irradiation configuration as defined by
extensive mapping measurements at PCA (" trial and reject" of
8/7 SSC, 8/12 SSC, 9/12 SSC) and confirm the irradiation durations
needed for the various capsules,

and the complementary objectives:

link PSF and HSST fluence dosimetry to PCA physics benchmarking*

metrology

* provide an international neutron metrology and analysis opportunity
including the validation of UK, French and Belgium damage monitors
and of dosimetry cross section data for crucial but less well known
long-half life radiometric monitors:

93 Nb(n,n') versus 237Np(n,f) and 103Rh(n,n')

63Cu(p,a) versus 27Al(n,a) .

A number of papers deal with this experiment.9-14 The complementary
but important objec:ives have been met caly partially; a good synthesis
will require additional coordinated work. The " start-up characterization

i pregram" is actually an " applied standardization" undertaking whose
| difficulties can be roughly identified. This standardization hinges

upon the eventual merging of:

1

! * Predictive, physics-oriented flex spectrum cnaracterizatior: and
actual, in-situ fluence spectrum dosinetry
- Technical: the PCA 4/12 SSC mock-up is simplified, namely: the

SSC is a solid steel piece, unperturbed by the gas cooling gaps
of the PSF " exact duplicate;" an illustration of the influence
of this structural difference is given by Fig. 7 (more details
available):53 vertical leakage effects in the PCA mock-up display
the trends found in the blind test configurations 3 but are
significantly perturbed in PSF 4/12 SSC.

- Organizational (sponsorship and funding):
PCA 4/12 SSC transport theory analysis by only one laboratory
(Mol)l4

PSF 4/12 SSC transport theory analysis by only one laboratory
(ORNL).Il

No direct comparison yet between the two.

- - _____
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Two dosimetry referencing " schools":*

1. Flux transfer from standard neutron fields ,21,223

42. Reaction rate transfer focused on radiometric techniques
and relying upon - radioactivity standards

- cross section standards

- nuclear data (level schemes)

European dosimetry which generally emphasizes damage monitors and*

niobium monitors.

U.S. dosimetry which generally emphasizes fissionable monitors.

The merging is possible and beneficial.

4.3 Physics

Two considerations will be briefly discussed: core management
benchmarking plans and lead factor assessment.

The lead factor between surveillance capsule and vessel wall is a
complex parameter to determine at the stated accuracy goals (Sect. 4.1).
It can be conceptually decomposed into four parts:

radial x azinuthal x vertical x perturbation (by surveillance capsule)

(5)

as neutronic exposures are needed for all the " weak link" materiale; the
" beltline regior, of reactor vessel" is defined as encompassing indeed
any material for which the predicted adjustment of reference temperature
at end cf service life exceeds 50*F.54

Generally, the vertical correction can be easily derived from
dosimetry traverses within the surveillance capsule or f rom 2D(R,Z)
transport theory when the weak link material is significantly outside
of the experimental zone. This problem becomes dif ficult however for
support structures, and is particularly important in the case of water
shield tanks (Main Yankee, Connecticut Yankee, Surry, BR3) for which
the NDT temperature may be elevated by irradiation to equal or even
exceed the service temperature.55 This will be addressed as part of
the NESDIP program.20

Benchmarking the neutron field perturbation by the surveillance
capsule is part of the SDMF program. Significant results have already
been obtained for Westinghouse-type capsules and are reported in
refs. 7 and 8.

Radial in-vessel projection has been addressed by the PCA blind
3t e'. t and is reasonably well understood. Three main areas of discrep-

ancies or inconsintencies remain:

. _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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1. Integral C/E's at deep penetration and high neutron energy: this
is traced to iron cross section inadequacies in current nuclear
data files 3*"

31 measurement results:2. differences between fission chamber and SSTR
further benchmark-field referencing work is expected to largely
resolve them.

3. neutron spectrometry versus integral measurements and calculations:
comparison of current transport theory with the envelope (Fig. 8)

6of all Li(n,a) energy-dependent flux spectrum attenuations as
function of steel penetration (PCA 8/7 and 12/13, 1/4T versus 1/2T
and 1/2T versus 3/4T ratios) displays overall trends compatible with
the ones under Fig. 9, but inconsistencies are claimed at the level
of more detailed confrontations.3

Figure 9 has been prepared to illustrate the tranferability of
neutronic benchmark observations t:ct power reactor environments. From an
applied RPV engineering viewpoint, the primary program goals have been
reached; R&D improvement of the current PCA blind test results is not
considered a priority, but may be useful for: (a) the analysis of

pressurized thermal shock insofar as more accurate dpa steel traverses
would ensue (the critical crack arrest depth after initiation of shallow
flaws is relatively sensitive to these traverses, but a host of other
uncertainties are more critical at present); and (b) the interpretacion
of ex-vessel physics and dosimetry, especially in the context of assessing
support structure embrittlement.55

The benchmarking of azimuthal nuetron flux spectrum gradient predic-
tions is addressed in the VENUS zero-power engineering mock-up of PWR
core-baf fle-barrel-thernal shield configuration (Fig. 10). These

predictions depend on:

* correct and detailed estimate of source distributions in the last
core fuel rows relative to the plant power octput

correct modeling of core boundary heterogeneity effects.*

The first aspect is a particularly important focus for investigation
because usual core management considerations do not call fcr an accuracy
as large as needed for in-vessel RPV surveillance projections. Current
lead factor uncertainties are therefore likely to be dominated by source
uncertainties and are likely to be the most significant in plants dis-
playing large azimuthal effects (Westinghouse, Combustion Engineering);
these effects are little or not sensitive to fuel burn-up,24 which
enhances the value of a zero-power benchmark. On another hand, in-vessel
azimuthal gradients are attenuated and distorted by scattering within
the vessel and the ex-core components and their measurement is very
relevant to the support structure issue but not so clearly to the RPV
one, except in plants with very large cavities; nevertheless the VENUS
and NESDIP programs are expected to jointly contribute to the development

_ _ _ _
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of a methodology for RPV application of ex-vessel dosimetry, which
otherwise could never become comprehensive. Two other essential

.

aspects of the VENUS effort, as already mentioned (Sect. 1), are the
s( Investigation of pressurized thermal shock mitigation by core manage-
"N ment techniques and the investigation of PWR gamma heating.

' t.,
Further discussion of VENUS is beyond the scope of this paper. It

is useful to mention that the experimental and analytical program is
interlaboratory and open to more participants than the ones already
engaged in the U.S. and in Belgium. Core loading is scheduled for Fall
1982, measurement campaigns for Spring 1983 and the issuance of the
initial interlaboratory report for September 1, 1983.
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ABSTRACT
A methodology has been developed for reducing the uncer-

1 tainties in estimates of neutron fluence spectra within the
pressure vessel of a PWR from dosimetry measurements per-
formed at a surveillance location. This new procedure,,

) named the LEPRICON methodology, has three desirable features
presently available in other spectral unfolding codes:not,

) 1) the derivation of flux covariances at each of the two
j locations; 2) the correlations of these two matrices to one
; another (i.e., the translation problem); and 3) the develop-'

ment of a flexible data base which can be expanded as more
dosimetry measurements become available and are analyzed.;

) The technique is applied to the PCA, where reductions in the
| uncertainties of the estimated fluxes in the pressure vessel
i of the order of a factor of two are demonstrated.
4

|
2

INTRODUCTION,

,

1

; The lifetime of a PWR is usually determined by the embrittlement of
the pressure vessel caused by neutron-induced displacements of the atoms

: constituting the steel. Updated estimates of the lifetime are based on
i

analysis of sequential extraction of metallurgical specimens and passive
dosimeter foils from an easily accessible position in the water gap be-
tween thermal shield and the pressure vessel or in the reactor cavity
behind the pressure vessel. The information concerning the fluence and
spectrum at these surveillance locations must then be extrapolated or

q interpolated to the pressure vessel, both in space and in time, in order
j for a judgment to be made as to when to shut down the reactor. The reac-

tor is then either to be decommissioned or subjected to some form of
annealing process. Recent concerns of pressure vessel integrity to ther-
mal shock transients would also involve the interpretation of similar,

*
data,

j-
; This paper describes and analyzes recent results obtained byi

emploving a methodology that can be eventually packaged into a computer
code which can be used to reduce significantly the uncertainties linking
the surveillance reaction rate measurements with the estimation of the;

i

*This work was sponsored by the Electric Power Research Institute under3

1 research project 1399-1, under Union Carbide Corporation contract
i W-7405-eng-26 with U.S. Department of Energy.
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fluence and spectrum at points within the pressure vessel. The success-

ful implementation of this methodology would then leave as the only
remaining major uncertainty the one involved in the prediction of
pressure vessel damage from a given fluence and spectrum. The use of
metallurgical specimens from the same melt as the pressure vessel can
significantly reduce this latter uncertainty because it can establish a
meaningful trend curve for the pressure vessel steel under similar tem-
perature conditions when exposed in an accelerated position such as the
water gap between the thermal shield and pressure vessel.

Specific calculational uncertainties addressed in this paper involve
those pertaining to the nuclear data base used in the transport calcula-
tions, to method approximations such as geometric modeling, and to the
choice of transport method parameters such as group structures and angu-
lar quadratures. For the nuclear data base, uncertainties in the fission

spectra, the cross sections involved in the neutron transport, and the
dosimeter cross sections themselves need to be estimated.

The first step in this methodology for variance reduction is the ana-
lysis of integral measurements in benchmark fields (i.e. , neutron
environments in which the spectrum is well characterized and perhaps the
absolute flux as well). The most important outcome of this analysis is a
reduced uncertainty in the driving fission spectrum and the dosimeter
cross sections. These better established parameters are then used in the
analysis of more complex fields which allows for the adjustment and
reduced uncertainty of other parameters which affect the calculations,
such as the cross sections involved in the neutron transport and bias

factors introduced by transport method approximations. The methodology
is convergent in the sense that the more integral measurements that are
used (provided the uncertainties in both the measurements and calcula-
tions are well understood) the more universal are the adjustments made
and the smaller the uncertainties become.

The methodology is being applied in this paper to the Oak Ridge
Poolside Critical Assembly (PCA) Pressure Vessel simulator experiment.
This unique experiment plays a two-fold role. The flux at the T/4 loca-
tion of the pressure vessel is estimated using the above mentioned method-
ology utilizing dosimetry measurements at the surveillance position.
These fluxes can then be used to calculate the reaction rates of dosim-
eters placed at the T/4 position. For the PCA such dosimetry measurements
have actually been performed and these calculations can not only be
directly compared to their experimental counterparts, but they can also
enter directly into the data combination process.

Numerical results describing these procedures will be discussed
paying special attention to the reduction of all uncertainties concerned.



81

THEORY OF THE LEAST-SQUARES ADJUSTMENT PROCEDURE

Introduction

We define a data combination as one in which various types of data
used to define a data base are altered in such a fashion as to produce a
more consistent data base. The general types of data involved in our
present application may be integral measurements, r = (ri) , i = 1, 2, . . .
1, (e.g., reaction rates, spectrum averaged cross sections or their
ratios) or differential data, a E (at), i = 1. 2, ...N, (e.g., cross
sections, fission spectra, and calculational method bias factors). Any
or all of these data types may be used to define the data base. The com-
bination procedure must make use of calculations of the integral experi-
ments using the differential data including any method corrections,

(ri(a)), must have some criterion which defines " consistency" in arE

mathematical sense, and must operate within the framework of estimated
uncertainties of the data. Depending on the particular direction of
emphasis, the data combination used in our present application can also
be described as a few-channel spectral unfolding process, or an adjust-
ment procedure.

The consistency criterion is expressed mathematically as minimizing
the quadratic loss function of the data base subject to the relationships
between the differential and the integral data. The problem to be solved
is: given a series of dosimetry measurements performed at an accessible
(i.e., the " surveillance") location of a power reactor, together with a

,

calculation of these measurements and of the absolute spectrum at another I

location (for example in the pressure vessel), what are the "best" esti-
mates of this absolute spectrum and what are the "best" estimates of the
uncertainties in this spectrum?

The well established generalized least squares adjustment
procedure 2,3,4,5 will not be rederived here. Only a few key expressions
that will be used in our discussion will be written _ explicitly in this
section. The uncertainty in calculated responses r due to propagated
uncertainties in the parameters a is given by

t
Cr"S C S (1)Y r aa r '

where the covariance matrices of the parameters Caa, and of the calcu-

lated responses Gg , are linked by the sensitivity matrix S E (Of / 0"n)'ir

In particular, the a priori uncertainty in the calculated flux (or
fluence) 4 at a given location in the pressure vessel is given by

C - S C,St, (2)
44 4 4

where S E (3t /3a )*4 t n
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Using the modified parameter data base, a', based on the data com-
bination process utilizing the dosimetry measurements, the "best" esti-'

mate of the same flux, considered as a deactivated response, is given by

-l (3)
4' = 4 + S (C - C ,S )C d*r dd4 ar o

represents possible cross covariances betweenThe rectangular matrix C ar" active" (i.e., participating in the adjustmen_t) responses, r, and the
(d ) = r - r, the discrepancies bet-parameters, n. The covariance of d E t

ween measured and calculated active responses, is denoted by Cdd

dd"SC,Sf+C ~SC -C 8 (4)C ro rr r ar ra *

where C is the covariance matrix of the measured responses.
rrThe uncertainty of the flux calculated with a' is reduced to

rog)}Sf. (5)- S [(C -C,,Sf)C]}(C -S CC ,4 = C44 4 ar ra4

A measure of the quality of the modified data base (N parameters and'

I responses) is given by

2 = d C}f d , (6)i
X

and x /1 f 1 indicates that the data base is a consistent one.2

The consistency of a particular response measurement with the para-
2meter data base (" individual X ") is given by

i

X2 = (ri-rg)2/(Crr+8 C,,Sf-S C -C 8 )* (7)
r r ar ra

which is just the square of the discrepancy between the calculated and'

corresponding measured quantity expressed in units of their combined
variance.

Data Necessary for the Normal Unfolding Procedure

The following is a general description of the information that is
needed to serve as input to the differential parameter adjustment and
spectral unfolding procedure as applied to the PCA dosimetry problem
based on surveillance measurements only. The specifics of the calcula-

i

tions necessary to obtain most of this information are presented in
detail elsewhere.6

|
1. Calculated and measured values of all the dosimeter responses ati

1 and in allthe surveillance location in the PCA 12/13 configuration
other fields to be simultaneously analyzed. In the present case, these
other benchmark fields are the Intermediate Energy Standard Neutron Field,

i

, - , .,.--% - - _ . . . .
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(ISNF)7'8 at the National Bureau of Standards (NBS), and the standard
252Cf fields at NBS ,10 and the Physikalisch-Technische Bundesamstalt9

(PTB) facility in Braunschweig, FRG.11,12

2. Covariances of all the integral experiments used in the analysis,
including possible correlations between the measurements made at one
f acility to those made at another. In addition to these explicit
correlations, a further correlation exists between most of the PCA
measurements and measurements made in the 235U facility at MOL,Belgium.13

3. Covariances of all the dif ferential parameters, i.e., the more
important partial cross cections used in the transport calculations in
both the ISNF and PCA facilities, the fission spectrum from thermal
fission of 235U and from spontaneous fission of 252Cf, and the dosimeter
cross sections all as functions of energy, as well as of estimated bias
f actors arising from methods approximations used in the calculation of
the responses in both the PCA and ISNF. These covariances are assumed
a pidori to be uncorrelated with those of the integral experiments.

4. Sensitivities of each integral measurement to all of the
parameters. The sensitivities to both the bias factors from method
approximations and to dosimeter cross sections are simply expressed; sen-
sitivities to the transport cross sections and the fission spectrun must
be obtained with the aid of adjoint calculations for the PCA surveillance
location and the ISNF.

5. Sensitivities of the group fluxes at the PCA pressure vessel loca-
tion to the differential parameters. These are calculated using similar
methods to those employed for the reaction rates at the PCA surveillance
location.

6. Finally, calculations of the group fluxes at the pressure vessel
position using the same dif ferential data that were used in the calcula-
tion of the responses at the surveillance position (i.e. , the same cross
sections and methods; usually the fluxes at both locations are obtained
from a single calculation). These group fluxes are necessary for the
spectral unfolding only, since they explicitly appear in Eq. (3) as the
reference points of the adjustments.

Simultaneous Unfolding at Both Locations

In the case where measurements are made at both the surveillance and
pressure vessel positions, integral experiments at both locations are
included as part of the data base, not just the one, and the covariance
description of the measured (and also the calculated) values must include
any correlations that exist among the data at the two positions. There
i s now no extrapolation necessary, only a simultaneouc unfolding of the
measurements at both locations.
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CALCULATION OF THE INTEGRAL EXPERIMENTS

The calculation of the integral measurements analyzed in this work is
described in detail in Ref. 6. A more recent ISNF one dimensional
model8 was used to calculate the fission reaction rate ratios in the
ISNF. In this section only the PCA calculations will be mentioned, and
then only briefly, in order to clarify the use of calculational bias
factors.

Calculation of the PCA Experiments

A complete description of the PCA facility together with the "12/13
configuration" that was built beside it may be found elsewhere.1 Our
discrete ordinates calculations of the fluxes throughout the con ~
figuration have also been documented,1,6 and can be summarized by Eq. (8)
below for the group fluxes in the vicinity of the axial midplane (z=0)
and radial centerline (x=0):

4( # '(8 8 , geg', (8)' '

$g (51,XY)$g(171,XYZ) =
* .e

- 1-D
- $g (51,Y)4 (51,Y),

e

8 - 2-D- - -

where the first bracket represents a midplane two dimensional calculation
using a 51 group cross section library, the second bracket.. represents an
energy dependent correction factor that injects a finer 171 group flux
structure into the calculation, and the third bracket represents a spa-
tial correction factor for the ef fects of a finite source height and
cosine distribution. The latter factor involves the ratio of the results
of two two-dimensional calculations, even though one is one-dimensional.
Typical values of this ratto are 0.75 at the surveillance position and
0.65 at the T/4 position inside the pressure vessel.

Estimated Method Approximation Bias Factors and Their Uncertainties
for the PCA Calculations

The " base calculation" as given by Eq. (8) demonstrates the concept
of method bias factors. The first term itself must be corrected for
several method approximations used in the transport calculation. The
second and third terms each introduce a unique method uncertainty of
their own. Several method approximations come to mind, such as the
coarse spatial mesh, the finite angular quadrature, the finite (though
high) number of energy groups and the truncation of the scattering
moments. The bias factor for the finite core height was obtained by com-
paring the results using this flux scaling procedure with those using
a Monte Carlo 3-D calculation. The fluxes agreed to within the sta-
tistics of the Monte Carlo fluxes (~5%).14

Although uncertainties in the non-nuclear data such as dimensions and
densities do not change the most probable result of the calculations,

_ _ _ _
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they do contribute to the unce-tainty of the calculations, and as such can
be considered as further method approximations which given rise to bias
factors of unity but to perhaps non negligible bias factor uncertainties.
These ef fects are calculated as the ratio of two ANISN calculations for
example, but they assume the roles of uncertainties in the unit bias
factors, not the bias factors themselves.

I
l

In Table 1 are listed the nonnuclear data in which uncertainties were
assumed, together with the two most important method approximations. The
bias factors along with their uncertainties to be applied to the base
calculation, Eq. (8), appear in Table 1 for the 58NL(n,p) reaction rate
at each of the two locations for the 12/13 configuration. The base
calculations of the 58NL(n p) reaction rate should thus be multiplied by
1.024, and the uncertainty of these calculations arising from methods and
non-nuclear data uncertainties is about 7%. The uncertainty of the
calculations arising from nuclear data uncertainties such as fission
spectra, material cross sections, and dosimeter cross sections must also
be considered, of course. It should be reiterated that the bias factors
and their uncertainties discussed here are functions of energy and this
dependence has been retained in the subsequent analysis, but they have
been averaged over the 58Ni(n p) reaction rate to simplify the presen-
tation of the results in Table 1.

Table 1. Method 4prontmations and Nonnuclear Data Uncertainties
Used in Analysis of the 12/13 Configuration. and Bias f actors with

Uncertainties for th, 58N1(n.p) Reaction Rate

Bias Factor AUncert.inty
Method 4prontaation or Non-Nuclear

Data Uncertainty
. Pressura

Surve111sace Vessel

1. Homogeneous at uture of fuel plates 1.024 L . '; 2 4

and water in core to.cl2 20.012

2. 2-D to 1-D caling to estimate 1.00 1.00
effects of finite Z in core 10.050 10.050

3. Relative 151 uncertainty in 1.000 1.000
peripheral core power distribution 10.033 10.031

4 Detector location uncertainty (imm) 1.000 1.000
10.016 20.015

S. First water gap thickness uncer- I.000 1.000
tainty (lem) 20.015 10.017

s. 1*4 m 1 ante 14 thickness uncer- 1.000 1.000
tai ny (1 sus) 10.019 10.020

7. Second water gap thickness uncer- 1.000 1.000
t tnty (Imm) 10.002 10.018

8. Thermal shield density uncertainty 1.000 1.000
(11) 10.010 10.010

9. Iwviations of thermal shield thick- I.000 1.000
mesa due to eurface taperfections 20.003 10.004
( 1. 5em)

10. Pressure vessel density mcertainty 1.000
(11) t 0. C M

Combined not bias factor E02 1.024
10.069 10.071

.

. _.______..m______m. . _ _ _ _ , _
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SOME RESULTS OF THE UNFOLDING PROCEDURE

Introduction

The integral data used in our analysis are given in Table 2. Ten
252Cf fields, four in the ISNF field and fourresponses were measured in

at the surveillance position of the PCA 12/13 configurations. Five addi-
tional measurements were made within the PCA pressure vessel itself at
the T/4 position. The measured and calculated responses, their respec-

2tive standard deviations, and values of " individual X " (see an earlier
section) are all presented in Table 2. Details on most of the infor-
mation needed and used in our analysis can be found in Ref. (6).

The reason for applying a least squares procedure to the dosimetry
problem is generally twofold. First, to obtain a more consistent flux
estimate at the T/4 position of the pressure vessel and second, to reduce
the uncertainty of the flux estimate at the T/4 position. Although we do
not have measured fluxes at the T/4 position in the pressure vessel, we
do have, for the PCA, reaction rate measurements there. Thus, the calcu-
lated reaction rates using adjusted flux estimates, adjusted flux bias
factors and adjusted dosimetry cross sections can be compared with their
experimental counterparts.

Uncertainty Sources

Before we analyze the success of the adjustment, it is worthwhile to
identify the various sources of uncertainty in the flux calculation. In

Table 3 are presented the total relative standard deviations of the
calculated flux at the T/4 position of the PCA for those energies respon-
sible for the pressure vessel radiation damage (above 0.1 MeV). This

uncertainty varies from about 18% for energies above 11 MeV to about 10%
for energies below 1 MeV. Three sources contribute to these

235U therma! fissionuncertainties: first, the uncertainty in the
spectrum;15 second, the uncertainties in the bias factors applied to the

tal. 3. a.1.civ. a rw os se.ndard nevt.clens <x) or th. calculated flux in order
Calculated Estrapolated Fluxes Du. to Various to account for modeling and
soure.s or unc rtatacy method approximations; and

s'** * third, the uncertainties in
g ( hv Total x Factors PCA-o Fe-o

1 11.05 18.2 14.1 6.5 9.5 6.o structural materials used in
the PCA transport process (H,2 a.ia 15.* 10.5 a.7 9.9 s.9

3 6.o. 1. 4 7.9 6.9 9.s s.7 0, Fe , etc. ) .
4 4.o7 14.1 5.s 7.2 10.6 9.5 As can be seen from Table 3,
5 3.oi 13.3 5.3 7.2 9.s e.6 the dominant contributor to
6 2.59 11.7 4.7 7.2 a.o 6.. the flux uncertainty above 8
7 2.12 11.6 4.3 7.2 s.1 6.6 MeV is the fission spectrum;
e i.e3 11.3 4.4 7.1 7.6 6.o between 1.5 and 8 MeV the
9 1.50 11.0 4.3 7.1 7.3 5.6 Cross Sections of the struc-

to 1.n to.a 4.3 7.0 6.9 51 tural materials (in par-
11 o.91 10.7 4.4 7.o 6.9 5.2 ticular 56Fe) tend to be more
12 0.61 9.5 4.3 7o 4.9 2.2 important; and below 1.5 MeV
is o.37 9.5 4.3 7.o 4.s 1.s the bias factors (relatively
14 o.21 9.5 4.2 7.0 4.8 19 flat as a function of energy)
15 o.it 9.4 4.1 7.0 4.7 17

are the most important.
*
Included in PCA-0
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Table 2. The Integral Measurements. Experimental (E) and
Calculated (C) Values, Standard Deviations, Relative

Deviations and " Individual X2n

Standard Standardfield Response E . Deviation C Deviation I*C 1 x2 ind,f(t) C(1) T

252tg.Ng5

I(6 5Cu(n.3)) 0.000703b 2.37 0.000807 9.55 -12.1 1.51
ig(235 ) 1.20$b 2.10 1.239 1.96 -2.74 0.94

U

ig(28)6g(25) 0.2644 1.06 0.2532 1.85 4.42 4.21
ig(37)6g(25) 1.105 2.0R 1.093 9.38 1.10 0.01
ig(49)Sg(25) 1.500 1.33 1.447 1.99 3.66 2.29

252 f-PT8C

o(27Aa(n.2)) 0.001006b 2.14 0.001157 10.15 13.05 1.60
i(* sit (n p)) 0.013Eb 2.37 0.01381 13.80 - 0.07 0.00
7(56Fe(n.p)) 0.0846b 2.36 0.0889 4.91 - 4.82 0.78
7(ssNt(n.p)) 0.118b 2.35 0.1146 7.34 2.97 0.15

7(itsin(n n')) 0.19640 2.28 0.1820 12.01 7.91 0.42

$
15NF-h85

ig(23)Sg(25) 0.0919 0.68 0.0910 4.28 0.99 0.05
ig(28)6g(25) 0.0926 1,39 0.0910 4.28 1.76 0.15
ig(37)6g(25) 0.510 2.03 0.513 10.30 -0.58 0.00
ig(49)6,(25) 1.155 1.28 1.143 2.64 1.05 0.13

PCA-5P*

27At(n.a) 3.165 34 7.14 3.12 34 13.96 1.44 0.01
sat (n.p) 2.4d-32 7.14 2.37-32 11.93 4.64 0.11

Illin(n.n') 3.77-32 7.14 3.49-32 14.89 0.02 0.23
237Np(n.f) 2.98-31 7.14 2.75-31 12.75 8.36 0.31

PCA-T/4*

27At(n.a) 7.205 35 6.48 6.56-35 15.32 9.83 0.33
58Nt(n.p) 5.64-33 6.48 4.90-33 13.54 15.1 0.95

It51n(n.n') 1.105-32 6.48 1.01-32 15.84 9.41 0.29
237Np(n.f) 1.20-31 6.48 1.14-31 13.84 5.26 0.12

238u(n.f) 1.86-32 8.83 1.63-32 10.49 14.11 0.94

* Reaction rate $ are reactions per nucleus per core neutron

_ _ _ _ - _ _ - - - - - - - - - - - - - - - - - - - -
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It IS thus el V t COmpre-
Table 4. pelattee $ PHoH Standard Deviations (1) of the

Catrulated Dosimet ry teaction Rates at the Two rCA hend the contributiva.1 to the
1.ocations oue to various sources of t;ncertatacy

uncertainty of the calculated
reaction rates at the PCA-SPstas

x,, no.i=etry-<r and PCA-T/4 positions as shownractors rcA-oR,actic.. ratal

-- in Table 4. Here we also have
27M(n.2) 14.0 9.* 6.4 4.s 5.6 g

uncertainties in the dosimetry
s.r 85 .n ) - 4 1

cross sections, which arem gn n 12.s 4.2 6.9 4.5 s.s
based on ENDF/B-V values. The~

2ra in.a) 15.5 to.o 6.7 s.o 5.5
large uncertainties in the

u t r. .,) 13.5 5.7 7.1 s.o 6.1s

ENDF/B-V 115In(n n') andin 115:n(n.n') 15.s 4.2 7.1 6.2 12.0
37

mar (n.o 13.s 4.2 7.o 6.1 9.4 Np(n,f) dosimetry cross

rum .c) io.5 4.4 7.1 6.2 1.3 sections are reflected in the
corresponding reaction rate
uncertainties where the

dosimetry cross section uncertainty is dominant. The 27A1(n,a) reaction
is the highest threshold reaction investigated. Its high sensitivity to
the high energy tail of the fission spectrum is therefore not surprising.
The 58 Ni(n,p) reaction has a somewhat lower threshold and the
corresponding reaction rates are therefore relatively more sensitive to
the PCA structural cross sections.

Uncertainty Reduction

As more and more integral measurements actively participate in the
adjustment process, ths added information reduces the uncertainty in the
adjusted fluxes. This is demonstrated in Table 5.

Table 5. Relative a PostadoH Standard Deviations (1) of the The d pr$OP5
Calculated Extrapolated Fluxes as a Function of the ggcepgg{pgyIntegral Measurements considered in the Adjustment rrocess

_ nt reduced by the
:52cr + rsar

252cr + 1ssr + co. .s r adjustment involving
s e,rev noe mg 252cr + 1sur + ccA-se ecA-se + team' only the measure-e

ments performed in
i 11.05 ts.: 14.9 11.1 12.5 9.0 the PTB and NBS
2 s.19 15.9 13.3 10.2 11.o 7.1 252Cf fields. These
3 6.G6 i4.1 13.1 9.s 10.3 7.1

4 4.07 14.1 13.3 10.3 10.6 7.3
serve only to adjust

5 3.o1 13.3 no 12.7 9.6 9.9 6.9 the 252Cf fission
6 2.59 11.7 11.2 s.4 s.7 5.9

Spectrum and the
7 2.12 11.6 11.2 a.6 s., 6.0

O *" U "" * ~a 1.si 11.3 ches. 10.s s.1 s.4 5.7
#

9 1.50 11.o 1o.5 7.s s.1 5.5 8

the corresponding
10 1.22 to.s 1o.3 7.5 7.s 5.4

adjustments do not in-
11 o.91 10.7 10.2 7.4 7.7 5.4

volve any parameter12 o.61 9.5 9.o 6.1 6.4 5.2
used in the PCA flux13 o.37 9.5 8.9 6.2 6.4 5.5
calculation. Sinceis o.21 9.5 s.9 6.3 6.6 5.s

15 o.11 9.4 s.s 6.3 6.5 5.s

_ . .
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both the PCA and the ISNF are driven by 235U fission neutrons, the inclu-
sion of the four ISNF measurements results in some reduction of the
adjusted flux uncertainty expecially at the high energies. The inclusion
of the information measured at the surveillance position reduces the
adjusted flux uncertainty at T/4 to about two-thirds of its original
value (column =252Cf + ISNF + PCA-SP" in Table 5) . This latter infor-
mation is more effective in reducing the uncertainty because it involves
data not only sensitive to the 235 U fission spectrum but also to both the

cross sections of the structural materials and the bias factors. As a
matter of fact, the data obtained at the sur reillance point is so effec-
tive in the uncertainty reduction that excluding the earlier data (252Cf
and ISNF measurements) results in only a slight loss of information as
f ar as the uncertainty of the T/4 flux is concerned (column "PCA-SP"
Table 5) . It is, of course, not at all surprising that incorporating
dosimetry measurements performed at the same T/4 location reduces the
flux uncertainty even further ("252Cf + ISNF + PCA-SP + PCA-T/4" in Table
5). However, although these data can be used as part of the dosimetry
data from benchmark fields, there will of course be no similar data in a
real working power reactor.

Some Additional Observations

Using surveillance adjusted cross sections and fluxes at the T/4
position not only reduces the calculational uncertainties, but it leads
to significant reductions in the discrepancies between calculated and
measured reaction rates at the T/4 position. Including the additional
information from the T/4 position leads to further improvement.

Employing all the twenty-three integral measurements in Table 2 leads
2to a X /1 value of 2.1, indicating an inconsistency in our data base.

Deactivating response number three, having the highest individual
2 2X value, already reduces X /I to 1. 2. Deactivating in addition response

number five, again because it has a high individual y2 value, further2reduces X /I to 1.1, which is acceptable.

The main adjustments effected using all data, including the PCA T/4
measurements but excluding the two 252 Cf c ratios mentioned above are:
1. A drastic reduction in the ENDF/B-V uncertainties of the 237Npfission cross section, the 46Ti (n p) cross section and the 115In

(n n') cross section. The uncertainties have dropped by a factor of
3 to 5.

2. A softening of the 252 Cf spontaneous fission spectrum by about one stan-
dard deviation (2%) of its Maxwellian temperature, and a reduction in
the uncertainty of this parameter by a factor of about three.

j 3. A lowering of the inelastic scattering cross section of 56Fe by up to
l 1.8 standard deviations (i.e., up to 10%).
!

!

.-
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CONCLUSIONS AND NEED FOR FUTURE WORK

Conclusions

From the results of the analysis presented, it is readily apparent
that the flux uncertainties at the extrapolated position are signifi-

cantly reduced, indicating the real possibility of increasing LWR
pressure vessel lifetimes. This new methodology has been demonstrated
using in come cases rather crude estimates for some of the covariances ,

involved. However, the combination of refining these covariances
together with applying the methodology to more and more well charac-
terized dosimetry measurements performed in PWR's could lead to dramatic
decreases in the flux uncertainties in the pressure vessel, and which
should improve upon the analysis presented in this paper that was based
on several rather disparate fields.

Looking at the results when the PCA-T/4 measurements are actively
participating in the adjustment, it seems that using information only up
to the PCA-SP is not sufficient for the adjustment of the fluxes in the
pressure vessel itself, because new bias factors are brought into play as
are also higher sensitivities to the iron cross sections (in particular,
the total inelastic). Consequently, measurements at some point beyond
the PCA-T/4 location would contain more sensitive information relevant to
the unfolding at T/4. Thus, when measurements in power reactors come to
be used, surveillance dosimeters placed in the reactor cavity immediately
behind the pressure vessel would contain more meaningful information
relative to obtaining unfolded fluences in the pressure vessel itself;
the combination of dosimetry and metallurgical specimens at an acce-
1erated location along with dosimetry in the reactor cavity would ideally
satisfy the requirements for surveillance.

Directions of Future Work

It seems to be clear that the information derived from the 252Cf
field measurements useful to the solution of the pressure vessel damage

problem is limited only to improvement of the dosimetry cross sections.
This improvement can be quite sensitive to the high energy " tail" and
covariance of X should be made to improve X and
its covariance $$.

Additional ef fort 82this energy region beyond the simple Maxwellian
expressions assumed so far and to reanalyze the measurements involving

27Af(n,a), 46Ti(n,p) and the more recenthigh threshold reactions such as

63Cu(n a).

2 35 -driven fields will beOn the other hand, more measurements in 0
analyzed, such as in the Poolside Facility (PSF) at Oak Ridge and in the
cavity of the ANO-1 reactor, leading to further adjustments in both
X and the iron inelastic cross sections. These results will have a

25more direct bearing on reactor flux adjustments in general.
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The analysis has been based so far on dosimetry cross sections and
covariances taken from ENDF/B-V, which does not contain adequate infor-
mation on estimated cross-material correlations. More recent evaluations
of these data, including these correlations, are now available16 and will
be used in future adjustments.
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TIIREE-DIMENSIONAL DISCRETE-ORDINATES CALCULATION FOR
ACCURATE DETERMINATION OF NEUTRON FLUENCE IN REAC'IOR
PRESSURE VESSEL

K. Takeuchi and N. Sasamoto
Ship Research Institute and Japan Atomic Energy Research Instituto

Tokai-mura, Ibaraki-ken, Japan

ABSTRACT

Three-dimensional (X ,Y , Z) transport calculation
is made for a typical 1000 MWe-class PWR core, and two-
dimensional (R,0) transport calculation is made for its
core barrel and pressure vessel on the basis of the

angular flux predicted by the three-dimensional (X,Y,Z)
transport calculation at the boundary defined outside
the core. In addition, two transport calculations are
made for comparison in two-dimensional (R,0) and (R, Z)
geometries for the PWR core, barrel and pressure vessel.
The calculational accuracy is confirmed by analyzing
the PCA experiment. Discussion focuses on modelling
of the core and pressure vessel of the practical power
reactor.

=

INTRODUCTION

The determination of detailed neutron fluences in reactor pressure
vessel is of importance in analyzing the extent of radiation embrittlement.
The objective of this study is, therefore, to provide a reasonably
detailed estimate of neutron fields at critical locations in the reactor
pressure vessel and the internals. The estimate of the detailed neutron
fields is in general made by neutron transport calculation. At present,
however, the neutron transport analysis involves some errors mainly

Idue to the modelling of the practical geometry and choice of parameters |

and group constants used in transport calculation.

The Pool Critical Assembly Pressure Vessel Facility (PCA) was
instituted to serve as a benchmark for validating calculational
procedures in predicting neutron fluences in reactor pressure vessels

lfor estimation of damage . The result of comparisons of various cal-
culations with the experiment in terms of reaction rates has revealed
that the modelling of the three-dimensional PCA geometry is of primary

93
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2importance for the accurate prediction of neutron fluences . Most
of the calculations approximated the PCA configuration by one- and

ltwo-dimensional geometries . Even if knowing some factors to correct
the discrepancies between the calculations and the experiment, we can
not apply them to practical power reactors. Because of a rectangular
core and cylindrical shell configuration of a core-barrel and pressure
vessel in most power reactors, we should represent their configurations
by a combination of (X,Y,Z) and (R,0,Z) geometries.

This study focuses on the examination of the effect of modelling
of a practical PWR on prediction of neutron field at the beltline of
the pressure vessel. Both axial and azimuthal variations in the neutron
fields around the core are of importance, in particular, for determination
of maximum radiation damage. For this purpose a three-dimensional

8(X,Y,Z) transport calculation was made using a PALLAS-XYZ code . While
for prediction of neutron fluences in the core bart c1 and pressure
vessel, however, a two-dimensional (R,0) calculation was unavoidably
made using a PALLAS-2DRT code", since a transport code in (R,0,Z) has
not been completed yet. Two additional transport calculations were
made to examine the modelling effect : the one was in two-dimensional
(R,Z) geometry and the other in (R,0) geometry. The reactor chosen
for consideration is a typical 1000 MWe class PWR plant adopted from
Ref.5.

Prior to application to the power reactor, we examine the accuracy
of the neutron transport calculation in the combination of (X,Y, Z)
and (R,Z) geometries through analyzing the PCA experiment.

REACTOR MODELS

Typical 1000 MWe Class PWR

Figure 1 shows +.he plan configuration of a typical 1000 MWe class
PWR$ with a vessel inner radius of 220.28 cm. For simplicity the core
region is assumed to be homogeneous in our calculations. The material
compositions are given in Table 1, in which only main nuclides included
in each material region are chosen from Tab.2.3 in Ref>5. The power
distributions used for our calculations are shown in Fig.2 for the
(X,Y)- or (R,0)-plane (taken from Fig.2.5 in Ref.5) and in Fig.3 for
the axitial distribution together with the radial distribution used
for a two-dimensional (R,Z) calculation (also taken from Figs.2.1 and
2.8 in Ref.5) . The source normalization is
3425(MW )x7.84x10 '(n/W.sec)x106(W/MW )s,1

Three-Dimensional Model For PWR Core 2

Figure 4 shows the three-dimensional (X,Y,Z) model for the core
and its barrel, in which the upper (A) and lower (B) illustrate the
elevation and plan configurations, respectively. As shown in Fig.4 (A) ,
the model is assumed to be symmetrical about the core midplane (the

. _ _ _ - _ _ _ _
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reflection boundary condition is set at this plane)because of reduction
of computer core storage. Furthermore, it exhibits 1/4 core symmetry
as seen in Fig.4(B). The modelling of the barrel is inadequate, however
the present PALLAS-XYZ code can not choose fine material regions because
of restriction of the number of regions. The power distribution in
(X,Y)-plane is the same as that shown in Fig.2, while the axial one
is taken from that previded in Fig.3.

Two-Dimensional Models For PWR

Figure 5 illustrates the two-dimensional (R,0) model at the core
midplane, in which the solid line denoted as " Boundary" means that
the two-dimensional transport calculation starts at this boundary with
the angular flux already predicted by the three-dimensional calcula-
tion in the geometry shown in Fig.4. Another (R,0) model is presented
in Fig.6, in which the core is also represented by (R,0) geometry. The
power distribution in this (R,0) core geometry is taken from that shown
in Fig.2. The source is set also at the mesh points drawn by the black
points in the figure to simulate the rectangular core geometry. Besides,
the two-dimensional (R,Z) model is also used for comparison, in which
the core radius is defined so as to make the equal source area to the
real one on the horizontal plane and radial power distribution is the
same as given in Fig.3.

NEUTRON TRANSPORT CALCULATION

The calculations were made using the PALLAS-XYZ, -RT and -RZ codes
for (X,Y,Z), (R,0) and (R,Z) geometries, respectively. The nuclear
data were taken from PALLAS library' (based on the data from ENDP/B-
IV). A vacuum boundary condition was applied at the top and right
boundaries, while a reflected boundary condition was set at the left
and bottom boundaries.

Analysis For The PCA Experiment

The PCA 8/7 configuration has already been analyzed with the
lPALLAS-XYZ code in (X,Y,Z) geometry , in which no geomerical modelling

was necessary. To examine the error produced by the combination
calculation of the PALLAS-XYZ and PALLAS-2DCY codes, the transport
calculation was made in (R , Z) geometry for the configuration shown
on the right side of the Al-plane in Fig.7, with use of the boundary
angular flux predicted by the (X, Y , Z) calculation at the At-plane.
A result of comparison of the calculation with the experiment and with
the other calculation is given in Table 2, in which the calculationlabeled as "A" is a reference one in the many calculations presented

lto compare with the experiment . It is found from Table 2 that the
accuracy of the combination calculation is of the order of 20%.

.
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Analyses for the PWR

The neutron transport calculations were made for the PWR modelled
in (R,0) and (R,Z) geometries using the PALLAS-2DRT and also -2DCY
codes, respectively. Twenty-five energy meshes were used in the energy
region above 0.1 Mov. The power normalization was made for the calculation
in (R,0) geometries by dividing the total source neutrons by the core ,

1 17
height of 360 cm: 3425x7.84x10 '/360 = 7.46x10 n/cm sec.

The PALLAS-XYZ code was applied to predict neutron fluxes in the
model shown in Fig.4, using 17 energy meshes in the energy region above
0.1 MeV. Successively, the transport calculation was made with the
PALLAS-2DRT code for the model presented in Fig.5, in which the
calculation started at the boundary drawn in the figure with the

boundary angular flux predicted by the XYZ code.

RESULTS AND DISCUSSION

The calculated results are given in Figs.8N11 on the neutron-

flux distribution as a function of distance measured from the core
center on the core midplane and on the azimuthal peaking of neutrons
as well as dpa at the pressure vessel inner surface and 1/2 depth.
In the figures three cases of the transport calculations are plotted:

kThe solid lines represent the results calculated in (R,Z) geometry
and both dotted and dot-solid lines represent those in (R,0) geometry.
In addition, the black points denote those in the combination of (X,Y,Z)
and (R,0) geometries. The evaluation of dpa in the pressure vessel

7is made using the displacement cross section for ferritic steel .

It is found from Figs.8 and 9 that the neutron-flux attenuation
trend is quite similar in both calculations made in combining (X,Y,Z)
and (R,0) geometries and in only (R,0) geometry. For the neutron flux
distribution at 40-deg direction, in which the corner of the core is
located very close to the core barrel, the absolute values are slightly
larger in the combination calculation than in the (R,0) calculation
because of more detailed source distribution in the rectangular corner
of the core adopted in (X,Y,Z) geometry. The attenuation trend in
the (R,Z) calculation is different from that in the other cases at
0-deg direction in the region around the core because of the difference
in the core radius and its geometry. Whereas the other difference
seen within the pressure vessel is ascribed to that of geometrical
attenuation: No neutron leakage is assumed into the axial direction
in (R,0) geometry, while the axial leakage is taken into account in
(R,Z) geometry. It is found from the figures that the results calculated
in both (X,Y , Z) + (R,0) and (R,0) geometries are 1.141.4 times as large
as those in (R , Z) geometry with penetrating distance in the pressure
vessel. The azimuthal peaking in neutron flux is obvious from the
attenuation curves at 40 deg shown in the figures. The more detailed
azimuthal variations are shown in Figs.10 and 11 of neutron fluxes

and also of dpa. In the figures again three cases of the calculations
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|

| are plotted. The maximum difference in the azimuthal variation is
| a f actor of approximately three for almost all cases. The cause of
! the asymmetrical azimuthal distribution about 45 deg in the (R,0)
! calculation is ascribed to the calculational errer. Futhermore, the
| vertical variation in neutron flux at the PV inner surface is found

to be negligibly small (about 5%) from the (R, Z) calculation.

CONCLUSION

Prom a result of the transport calculations for three different
models for a 1000 MWe class PWR, we may conclude that: (1) The common
power normalization is successfully made for three different models,
which means that neither the axial power distribution nor the axial
neutron leakage in the core has influence on the neutron flux outside
the core barrel because of the very large core size. (2) The (R,0)
calculation can provide fairly accurate results on neutron flux and
dpa as well as on their azimuthal variations at the beltline of the
pressure vessel, although it produces 10%40% overestimations due to
disregard of the axial neutron leakage. (3) The accuracy of the
combination calculation in different geometries is confirmed through
the analysis of the PCA 8/7 configuration, which results in 5%27%
errors in the calculated reaction rates due to the comparatively small
core size. (4) It is found tb . the azimuthal peaking is a factor
of approximately three comparec with the results at 0 deg for this
type of PWR. (5) The transport calculation in (X,Y,Z) geometry is
useful as a standard for other calculations.
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ABSTRACT
I

DOSIMETRY ASSOCIA.ED WITH THE SURVEILLANCE PROGRAM
OF EDF REACTORS PRESSURE VESSEL.

The surveillance dosimetry program of ELECTRICITE de FRANCE's
reactors pressure vessel built by FRAMATOME consists of neutronic
computation by means of ANISN-COT procedure on the one hand and of two
experimental parts on the other hand.

For the first one, a light instrumentation with activation wires
was put outside the PV of one power plant, during the first 18 months
tycle at nominal power. This instrumention is described : it gave the
possibility to do measurements along two vertical lines and an horizontal
diameter under the vessel. Experimental and computed results are
compared respectively for thermal, epithermal and fast neutrons.

For the second experimental part the first surveillance capsules
have been extracted from six power plants and the dosimeters have been
measured. The difficulties encountered during some steps of the
process are described.

The reproducjbility of the different results is excellent. Their
conaistency and agreement with the calculations are discussed.

1. MESURE DE FLUX A L'EXTERIEUR DE LA CUVE D'UN REACTEUR PWR.

1.1. Objet.

Une instrumentation 16gdre de mesure de flux a 6ts install 6e
S l' ext 6rieur de la cuve d'une des prem16res tranches PWR de 900 MWe
du programme frangais. Cette instrumention stait ind6pendante du pro-
gramme r6glementaire de surveillance des cuves de r6acteur d6 crit dans
la seconde partie. Elle avait pour objectif d'une part, d'am61'iorer
notre confiance dans les calculs pr6visionnels ayant permis d'6tablir
ce programme de surveillance et. d' autre part de nous fournir des in-
fermations sur les flux dans des r6gions peu accessibles par le calcul.

<
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1.2. Procede de la mesure, instrumentation et resultats des comptages.

Le principe retenu a consist 6 5 placer des fils verticaux et/
ou horizontaux au voisinage de la cuve (Fig.1-1) et h les laisser pen-
dont toute la dur6e du premier cycle de fonctionnement du r6acteur.

1.2.1 Conditionnement. Afin d' assurer une bonne realisation de la me-
sure, les fils dosimstros ont 6t6 conditionn6s de la manisre suivante :
- des chaines ont 6t6 constitudes & partir de tubes d' aluminium (lon-

gueur 1 m, 0 1 cm, 6paisseur 1 mm) reli6s par des anneaux.
- des fils dosimstres ont 6t6 positionn6s dans ces tubes au moyen de

pastilles d' alumine.

Ce conditionnement sous
aluminium pr6sente l'a-
vantage de ne pas pertur-
ber le flux 5 mesurer et

'
C[ _

de no pas donner de rayon-
nanents ganants pour la

h_
__

r6 cup 6 ration.

' 1.2.2. Fils dosimetres.
--- g Flux de neutrons rapides:

fil de fer 0 1 mm, purete
99,995*.. Flux de neutrons

' * thermiques et 6pithermiques:

CD R fil d'alliage Al-Co &
0.504% 0.014*. de cobalt.
0: 0.381 mm, puret6 :
99.804%.
Le fil de cobalt est lo-
calement recouvert d'un
manchon de cadmium.'

@ Am Eau D'Etancutift
M CWE

hAnNEAUSUPPORTDE
CWE

_b e --

PASSERELLE D'!NSPEC-

TION Du FmD DE CWL

IMPLANTATION DES TUBES PORTE DETECTEURS

Fig 1-1

. . . . .



__ . _ - _ _ _ _ _ - _ _ - _ _ _ _ _ . _ .

103

1.3 R6sultats des comptages.

Retir6s de leur position d' irradiation lors du premier arrst
du r6acteur pour rechargement, les tubes porte-dosim6tres ont 6t6
confi6s au C.E.A (Service des Piles - C.E.N GRENOBLE) pour comptages

'

et interpr6tation.

Les comptages ont 6t6 effectu6s en pr6 levant sur chaque fil
des 6chantillons d' environ 5 cm n raison de 3 par mStre. Les activites
mesur6es, ramen6es & la date de la fin d' irradiation sont r6 sum 6es dans
le tableau 1.1.

TABLEAU 1.1

ACTIVITES MESUREES EN Bq.mg'

COBALT NU COBALT SOUS Cd FER

Fils entre 1 et 2 10 5 10 8.10 b 3 10 3 10' n 3 10 '
~

3 ~

Fils entre 2 et 3 4.5 19 n 2 10 1.b 10 S 7 10 4 10 a 25

Fils ou niveau 3 2 10 n 3 10 4.5 10 6 7.5 10 3 10~ a 10'

La pr6 cision absolue des comptages est pour la plupart de l'ordre de
3%. Cependant pour les activit6s les plus faibles des dosim6tres de

for, elle peut atteindre 15%.

1.4 Mesures de flux.

Le calcul des flux s'effectue au moyen du progranme ACTIGE qui
prend en compte :

- le diagramme rsel de fonctionnement du r6acteur pendant l' irradiation.
- la section efficace moyenne obtenue S l' aide du spectre de neutrons

calcul6s et la biblioth6que ENDFB-IV.

1.4.1 Spectre neutronique. Le spectre des neutrons a 6t6 calculs dans
le plan m6dian du coeur A l' aide du code DOT en g60mstrie(R, 0 ) avec
une biblioth6que de sections efficaces b 21 groupes dont 9 au-dessus
de 1 MeV (Fig.1.2). En toute rigueur, ce spectre n'est pas applicable
O tout le comaine instruments. Il a toutefois 6t6 utilis6 partout so-
chant que les flux calcul69 ne sont que des ordres de grandeur quand
on s'61oigne trop du plan m0dian du coeur.

1.4.2 Section efficace. Calculse sur ce spectre, et rapport 6e au
flux de neutrons d'Onergie sup6rieure S 1 MeV, la section moyenne de

5la r6 action "Fe(n, p) 5"Mn est

c >1 MeV = 35.4 mb

- _ _ _ _ _ _ _ . _
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1.5 R6sultats.
La figure 1.3 donne la r6 partition axiale le long de la posi-

tion 2 de la Fig 1.1, des taux de r6 actions relatifs donn6s par les
dosimdtres de cobalt, cobalt sous /Cd et de fer. Des comparaisons ont
6t6 effectu6es ou voisinage du plan m6dian du coeur du r6acteur entre
les flux calcul6s et les flux mesur6s.

- Flu < thermique conventionnel.
La comparaison est tr6s bonne et l'6 cart entre mesure et

calcul est inf6rieur n 105..
- Flux de neutrons d'6nergie sup6rieure 6 1 MeV.

La comparaison est moins satisfaisante : la valeur calculde
est inf6rieure de 30 a 40% par rapport a la valeur mesurde.

Pour commenter cet scart, on peut renarquer que :
- le point de calcul est situ 6 S l'extdrieur de la cuve.
- le d6coupage n'accordo que quelques groupes au domaine de sensibilit6

du for, qui ne contient que 10% des neutrons rapides.

2. 00SIMETRIE DES CAPSULES DE SURVEILLANCE.

2.1 Rappel sur les programmes de surveillance.

La mise en place d'un programme de surveillance des effets de
1' irradiation sur le mat 6riau des cuves PWR frangaises r6 pond aux exi-
gences de l'arrat6 minist6 riel du 20 f6vrier 1974. La dosim6trie qui
est associ6e n ce programme est la reconduction de la pratique
Westinghouse, licenciour de FRAMATOME. Son but est de d6terminer le
flux int 6gr6 de neutrons d'6nergie sup6rieure a 1 MeV requ par les
sprouvettes d'essais m6caniques et d'acc6 der n l' aide des facteurs de
flux calcul6s. au flux int 6gr6 regu per la cuve. Ce dernier est le
param6tre par rapport auquel sont exprim6s les A sur les courbesRTde r6f6rence. NDT

Cette communication porte sur l'exp6rience d' exploitation des premibres
capsules des tranches FESSENHEIM 1 et 2 et BUGEY 2,3,4 et 5.

2.2 Proc 6 dure de dosim6trie.

2.2.1 Exploitation. L' exploitation du programme de surveillance
est assurde par le Service Contr61e des Mat 6riaux Irradi6s(EDF) pour le
compte des centrales. Le S.C.M.I. assure le d6mantblement des capsules,
la r6 cup 6 ration des blocs dosimdtres et des d6tecteurs. La partie me-
sures d'activit6s et calculs des fluences a 6td confi6e au C.E.A
[ Service des Piles , CEN-GRENOBLE).
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2.2.2 Dosimetres et leur implantation dans le reacteur. Les dosi-

mStres b activation sont de trois types : cuivre, nickel, cobalt. Ils

se pr6sentent sous forme de fils plac6s & l'intsrieur de blocs dosi-
m6tres. Les dosimatres fissiles sont de deux types : uranium 238 et

neptunium 237. Ils se pr6sentent sous forme d'une pastille fritt6e
(237Np), et de poudre f 3 e U), respectivement plac6es dans un double
boltier en nicFel entours de poudre d'oxyde de cadmium et log 6 dans
un bloc dosim&tre. Des blocs dosimstres so situent b l' int 6rieur de
la capsule de surveillance (Figure 2.1).

2.2.3 Mesures d'activite. Les mesures d'activit6 des nickel, cuivre

et Al-Co ne posent aucune difficult 6, ce qui n'est pas le cas des dosi-
matres fissiles. En effet, les boltiers en nickel les contenant sont

trQs actifs en Co et 6*Co. Pour am611orer les mesures, il a falluse

retirer le bottier extsrieur. Les d61als de refroidissement obliga-

taires dus au dAmanthlement des capsules ont conduit b orienter les
188 137mesures d'activit6 sur les radioisotopes '8Zr, Ru, Cs. Cepen-

dant, seul ce dernier, du fait de sa p6riode, pourra convenir sur toute
la dur6e du programme. Pour cette premiere p6riode de fonctionnement

137de l'ordre de 18 mois, l'activits en Cs est obtenue avec une pr6-
237 23e

cision de 5% dans le Np et 10% dans le U.

2.2.4 Spectres et sections efficaces. On a calcul6 au moyen du code
00T en g6oindtrie ( R, 0 ), les spectres des neutrons :

. sur la paroi interne de la cuve et au quart de son 6paisseur.

. pour les quatre positions d'6prouvette (Fig 2.1) : la posi-

tion 15 (capsule S) stant celle traitse ici. Le spectre est donn6 en
15 groupes au-dessus de 5,53 kev jusqu'a 10 MeV (Fig 2.2). Lec sections

efficaces moye:ines d' activation et de fission et la section de dommage
utilis6e (Cf tableau ci-dessous) sont obtenus 6 partir de ces spectres

calcul6s et de la bande ENDFB IV.

TABLEAU 2-1

R6 action 0>1 MeV SPECTRE O Indice :
dpa1

0 /0
(mbarn) (barn) 0.1 1

i
(

58

( Ni(n,p) 96.8 Capsule 1 525 3.02

Cu(n.a) 0.76 Paroi 1 450 2.4963

Np(n,f) 2523 1/46paisseur: 1 664 2.52237

23e (n,f) 345U
,

t

#>1MeV ' Udpa , 0, grandeer relative & E > 1 MeV.:
q

0 : grandeur relative b E > 0.1 MeV.
0.1

;

I
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2.2.5 Calcul des flux. Le calcul des flux s'effectuo comme au chapitre
pr6c6 dent, au moyen du programme ACTIGE. Le principe est de comparer,

les activit6s calcul60s 6 partir des sch6 mas d' activation (Fig 2.3) et
'

du diagramme de fonctionnement du r6acteur consid6r6, et les activit6s
mesur6es, et de d6duire le flux par un proc 6d6 it6ratif.
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2.2.6 Resultats. Le tableau 2.4 contient los flux thermiques mesur6s
ainsi que les flux rapides obtenus au moyen des dosimstres de nickel,
ramen6s a la puissance nominale.

TABLEAU 2.4

CENTRALES FSH 1 FSti 2 BUGEY 2 BUGEY 3 BUGEY 4 CUGEY 5

,, MAR 77 SEP 77 AVR 78 AVR 78 FEV 79 JUIL 70
MAR 79 JUIL 79 AVR 80 MAR 81 AOU 80 FEV 81

IHERM UES 4.07 10 4.11 10 3.86 10" 3.70 10 ' 3.85 1011 3.97 10 '

0
R E 8.04 10 8.24 10 8.14 10 9.24 10 8.16 10 7.95 10

91 ( Ni ) (a)3

PLUX RAPIDE
7.84 103 CALCULE

3

Le tableau 2.5 permet une comparaisun des flux obtenus au moyen des
diff6 rents dosim0tres.

TABLEAU 2.5.

CENTRALES FSH 1 FSH 2 BUGEY 2 BUGEY 3 BUGEY 4 BUGEY 5

Flux Ni 1 1 1 1 1 1

Flux Cu 1.01 0.99 1.03 1.05 1.02 1.01

Flux U 1.34 1.35 1.35 - 1.48 -

Flux Np 2.4 2.38 2.17 - 2.39 -

"*
0.98 0.95 0.97 0.85 0.96 0.99

A la vue des r6sultats, il faut souligner :
- la r6gularit6 des flux ramen6s S la puissance nominale.
- le bon accord entre les flux d6duits du nickel, du cuivre et ceux

obter.us par le calcul.

- la divergence reproductible des flux d6duits du neptunium avec le
flux du nickel. Elle pourrait stre imputable h la pr6sence d'im-
puret6s fissiles non quantifi6es dans les dosimntres. Une analyse
est en cours.

(a) Eprouvette voisine d'un assemblage recharg6 au 3/4 de la dur6e d'ir-
radiation.
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ABSTRACT
,

A technique involving shifting of core fuel loadings
was investigated as a method for reducing the neutron flux
at points of high damage accumulation in the pressure ves-
sel wall of a light water reactor. D0T calculations were
performed for six types of commercial generic PWR's. Par-
ticular core fuel assemblies were identified as contribu-
ting heavily to the flux at the vessel wall azimuthal
location having the highest damage accumulation rate.

|

Calculations were made with normal fuel loadings and also
with the high damage contributing assemblies replaced by
stainless steel dummies. The fuel modification reduced
the PV wall exposure rate by factors of 5.8 to 17.9 at the
position of the existing maximum. The azimuthal position
of the maximum exposure rate point is shifted by the modi-
fication. The ratio of the old maximum to the new maximum
ranges between 1.58/1.0 and 3.44/1.0.

_ _

i

INTRODUCTION

A technique involving shifting of core fuel loadings has been inves-
tigated as a method for reducing the neutron flux at points of high damage
accumulation in the pressure vessel wall of a light water reactor.

Particular core fuel assemblies can be identified as contributing
most heavily to the flux at the point on the vessel wall which has the
highest damage accumulation rate. These assemblies can be replaced by
spent fuel, zircaloy, stainless steel, or water to reduce the damage rate
at the point of greatest accumulated exposure in the vessel wall. Pre- .

sumably, the rest of the core would then have to be refueled w th a higher
enrichment of fissionable fuel. Another scheme for damage reduction

*This work was supported by the Nuclear Regulatory Commission, Division of
Engineering Technology, Materials Engineering Branch; C. Z. Serpan,
Branch Chief.
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involves loading fresh fuel into the center of the core and moving it
outward in later cycles. The present report does not specifically inves-
tigate this latter method of pressure vessel damage rate reduction.

As a preliminary guide in deciding whether any proposals of the types
suggested above are practical, HEDL and Westinghouse Nuclear Technology
Division cooperated in a study of the benefits to be derived from a very
simple change in core power distribution. A 2-D transport calculation
was used to determine the benefit to be gained by replacing a few fuel
assemblies by stainless steel dummies, with appropriate water fractions
to account for the coolant. The core power distribution in the remaining
fuel assemblies was assumed to be unchanged except for a re-normalization
factor which maintained the same total power output. The calculations
were run for six types of commercial generic PWR's. The choice of reactor
types was made primarily on the basis of the immediate availability of
required information. The purpose of the calculations is merely to indi-
cate whether NRC could reasonably suggest to the utilities that further
investigations of such solutions in greater depth might be worthwhile.!

Some of the details of the calculations follow.

In general the fuel modification appears capable of reducing the
existing exposure rate at the posit'on of the existing maximum by factors
of 5.8 to 17.9. The position of the maximum exposure point is shifted,
however, and the ratio of the old maximum to the new maximum ranges
between 1.58/1.0 and 3.44/1.0.

It appears that fuel management techniques for reducing the neutron*

exposure at points of high accumulated exposure show considerable promise.
It is recognized that there are other potential solutions to the over-all
embrittlement problem, and in-depth studies of all solutions, and thei

; associated economic implications, are required before firm decisions are
made.

;

TRANSPORT CODE FEATURES AND REACTOR TYPES

i

The calculations wqre done with the Westinghouse version of the D0T-3
i neutron transport code,' using a P 51 8 angular description * and a 21

group energy structure as shown in Table 1.** An (R,e ) two dimensional
;
~ calculation was used in one octant of the reactor, with P1 cross section

*An S8 angular ordinate system and P (+P ) scattering laws.1 o
**The calculations were done with a neutron energy group boundary at

1.05 MeV. Fluence and flux (E > 1.05 MeV) were therefore readily.

.

available from the calculations, and were used to infer conclusions
regarding use of fluence and/or flux (E > 1.0 MeV) as independent'

variables in damage studies. For convenience in the discussions,
terminologies of (E > 1.05 MeV) and (E > 1.0 MeV) are used inter-
changeably in drawing qualitative conclusions from results of the
current studies.

|

_ - . .. . ___- _ __
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Table 1 Energy Group Structure and Fission Spectrum
for DOT Calculations

GROUP LOWER
NO. ENERGY (MeV) F(E)

| 1 7.79 5.9642 x 10-3
! 2 6.07 1.7059 x 10-2

3 4.72 3.9468 x 10-2

4 3.68 6.8770 x 10-2

5 2.87 9.6324 x 10-2

6 2.23 1.1411 x 10-1

7 1.74 1.1896 x 10-1

8 1.36 1.1244 x 10-1

9 1.05 9.8671 x 10-2

10 0.821 8.1806 x 10-2

11 0.388 1.5219 x 10-1

12 0.111 7.8617 x 10-2

13 0.0409 1.2486 x 10-2

14 0.0150 2.8786 x 10-3

15 5.53 x 10-3 2.6119 x 10-4

16 5.83 x 104

17 7.89 x 10-5

18 1.07 x 10-5

19 1.86 x 10-6

20 3.00 x 10-7

21 0.00

HECL 8203-112.5

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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descriptions derived from the GAMB-lT cross section library.2 This com-
bination was benchmarked in the Pool Critical Assembly (PCA) at Oak Ridge
National Laboratory. The benchmark results compared well (110%) to
results from PCA Monte Carlo calculations and PCA dosimetry measurements.
The DOT iteration scheme used a fixed source in the core, emitting a
Cranberg fission spectrum. For the six different reactor types the core
power distribution was based on core power calculations, verified by exper-
imental data. For five of the reactor types having 17 x 17 pin arrays in
the fuel subassemblies, each subassembly was divided into a 17 x 17 (x,y)
mesh detail for power distribution purposes and this was remapped into the
(R,e ) mesh. The transport calculations for all six generic types were
run with sufficient surveillance capsules rotated into the octant under
examination to allow interpretation of all surveillance results. DOT runs
were made (1) with the capsules in place and a normal fuel distribution,
(2) with capsules in place and high-damage- contributing-fuel subassemblies
replaced by dummies, and (3) with normal feel but with surveillance capsules
removed. The third case above (capsules out) was run for only two of the
six generic reactors. For all six reactor types, the power level was
renormalized for the modified fuel cases in order to maintain the same
total power level. However, in the modified fuel cases, the shape of the
power distribution was assumed unchanged in those fuel assemblies which
were retained, while the power in the dummy assemblies was of course set to
zero. The reactor types are listed below.

1. PWR type A, having both accelerated and wall capsules, (2600 MWT)

2. PWR type B, two Loop Shield Reactor (1960 MWT), accelerated
capsules only

3. PWR type C, three Loop Shield Reactor (2900 MWT), accelerated
capsules only

4. PWR type D, four Loop Shield Reactor (3565 MWT), accelerated
capsules only

5. PWR type E, three Loop " Pad" Reactor (2900 MWT), accelerated
capsules only

6. PWR type F, four Loop " Pad" Reactor (3565 MWT), accelerated
capsules only

Reactor type A is distinguished by the fact that it has both accel-
erated and wall capsules, while types B, C, D, E and F have only accel-
erated capsules. Reactor types B, C, and D, (shield reactors) are
representative of older generic models of three different power ratings.
The thermal shield is 360* in extent, in contrast to the reduced angular
sweep of the neutron " pad" used in later reactor designs. The " pad"
reactors are represented by reactor generic types "E" and "F".

The calculations were similar for the six reactor types. A few dif-
ferences were, (1) the DOT modeling mesh varied slightly due to differences
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in geometry, (2) the modeling of the surveillance capsules varied, again
due to differences in geometry and (3) capsule perturbation effects were
studied only for reactor types A and B.

CALCULATIONS AND RESULTS

!

The exact details of the DOT coordinate mesh system and surveillance {capsule modeling depended on the reactor under study. The number of e
mesh lines was in the mid fifty range for reactors A and B, and in the 90
to 100 range for reactors B, C, D, E and F. The number of R mesh lines
used for reactors B, C, D, E and F was in the 100 to 115 range while
approximately 140 radial mesh lines were used in modeling reactor A. The

! surveillance capsules were modeled using mesh cells numbering in the range
of 15 to 30 cells per capsule, depending on the complexity of the geometry
and mounting arrangement. The D0T mesh-system extended into the concrete
containment vessel for reactors B, C, D, E and F, and extended into the

|shield tank for reactor A. The locations of the surveillance capsules I

used in the modeling is given in Table 2.

Table 2. Capsule Modeling

.
..

. _
_ __ _ _

Accelerated Capsule Wall Capsule
Reactor Locations Locations

~

A 36 , 45 3
Before thermal shield Attached to PV wall

__ _
_

_ _ __

B 13*, 23*, 33
Behind thermal shield

_ __ _ _
_

C 15 , 25 , 35*, 45*
_

Behind thermal shield
~ ~'

D 4*,40
'

Behind thermal shield
_ _ _ _ _ _

E 17*, 19.67*
Behind neutron pad

. __

F 29*, 31.5*
Behind neutron pad

---

.. _
_ __

The effect of the fuel modification for the various reactors can be
seen in Tables 3 and 4.
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Table 3. Maximum PV Wall Exposure dpa Improvement Ratios

MAX MAX RATIO
POSITION POSITION REDUCTION OF OLD

REG MOD OF ORIGINAL MAX TO
REACTOR TYPE FUEL FUEL MAX dpa NEW MAX

TYPE A 0* 28.5* 13.6 1.58
ACCEL + WALL CAPSULE

TYPEB 0* 32.1* 11.64 2.33
TWO LOOP SH! ELD

TYPE C 0* 23* 17.9 3.44
THREE LOOP SHIELD

TYPE D 45' 8* 5.81 2.74
FOUR LOOP SHIELD

TYPE E 0* 28.75* 16.43 2.19
THREE LOOP PAD

TYPE F 45' 9.25' 5.82 1.6
FOUR LOOP PAD

m.

Table 4. Fuel Replacement Per Octant

REPLACED TOTAL
ELEMENTS ELEMENTS

REACTOR TYPE

TYPE A TWO ASSEMBLIES 27.125
ACCEL + WALL CAPSULE ON FLAT NEAR 0*

TYPE B 1.5 ASSEMBLIES 15.125
TWO LOOP SHIELD ON FLAT NEAR 0*

TYPE C 1.5 ON FLAT 19.625
THREE LOOP SHIELD NEAR0*

TYPE D 2 AT CORNERS 24.125
FOUR LOOP SHIELD NEAR 25* AND 40*

TYPE E 1.5 ON FLAT 19.625
THREE LOOP PAD NEAR0*

TYPE F 2 AT CORNERS 24.125
FOUR LOOP PAD NEAR 25* AND 40'

MtOL E30112 3

_ _ _ . _



_ _ .

117

Table 3 deals with the reduction of the maximum dpa exposure on the
PV wall for a 32 effective full power year (EFPY) operation. The compar-
ison is between a 32 EFPY operation with regular fuel and a 32 EFPY oper-
ation with modified fuel. With the regular fuel loading, the angular
position having the highest dpa exposure rate on the PV inner radius is
given in column one. At this angular location, the change in fuel loading
reduces the rate of dpa accumulation by the factor given in column three.
The position of the maximum rate of dpa accumulation on the PV inner
radius with the modified fuel loading is given in column two. The ratio
of the maximum dpa accumulation rate (PV inner radius) with normal fuel,
to the maximum dpa accumulation rate (PV inner radius) with modified fuel
is given in column four.

The fuel replacement adopted in the study is shown in Table 4. The
table shows for example, that 1.5 fuel elements per octant were replaced
by stainless steel dummies (with appropriate water fractions) in the study
of the Type C reactor. This constituted a replacement of less than 10%
of the fuel (1.5/19.625) and produced the benefit shown in Table 3.

The material in Tables 3 and 4 can be better appreciated by reference
to Figures 1 and 2 which deal with the Type F reactor. Figure 1 shows
the midplane geometry for a Type F, 4-loop pad reactor. Table 3 shows
that the maximum exposure rate on the PV wall occurs at 45* with a normal
fuel loading. Table 4 shows that one fuel element was replaced at each
of the corner positions (25 and 40'). Reference to Figure 2 shows that
the fuel modification depressed the original exposure peak at the 45"
position, but the maximum with the modified loading occurs at 9.25 . The
increase at the 0* position is due to the renormalization required to
maintain equal power levels.

Capsule perturbation studies were performed for reactor types A and
B. This was accomplished by repeating the DOT calculation with normal
fuel loading but with the surveillance capsules removed. The results
were similar to those found earlier by S. L. Anderson.3

The presence of the capsule causes an increase in neutron exposure,
measured either in dpa or in fluence (E > 1.05 MeV) units.

The exact amount of the increase at the capsule center depended
slightly on the particular reactor and also on the capsule. For the 3'
capsule of the Type A reactor the presence of the capsule causes an
increase of 24.1% in the dpa exposure value or an increase of 22.9% for
the fluence (E > 1.05 MeV). For the Type A reactor accelerated cap-
sule, the similar increases were 26.9% (dpa) and 24.0% (fluence (E >
1.05 MeV)).

For the Type B reactor the increases were 34.9% (dpa) and 26.5%
(fluence (E > 1.05 MeV)) for the capsule located at the 13 azimuthal
position.

These results have important implications. When a transport calcu-
lation is performed without explicit modeling of the capsule, a correction
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Figure 1. Midplane Geometry for a Fig. 2. Four Loop Pac'

:
' Type F, 4-Loop Pad Reactor Reactor (Type F) dpa on

Vessel Inner face for 32EFPY.:

of the order of 25 to 30% is needed in the calculation of the " lead fac-
tor," based on fluence (E > 1.05 MeV). The difference between the dpa
and fluence (E > 1.05 MeV) correction factors for the Type B capsule
illustrates the importance of using an exposure index that correlates
well with property degradation.

For each of the six reactor types, the ratio of dpa/ fluence (E >
1.05 MeV) was calculated as a function of radial position for a traverse
at a particular azimuthal angle. The traverse extended out through the

;
PV wall. In each case the azimuthal angle of the traverse was chosen to*

take the traverse through the center region of a surveillance capsule.

It was found that the ratio of dpa/ fluence (E > 1.05 MeV) generally
increased by a factor of the order of 2.0 in traversing from the inner to
the outer radius of the PV wall. The radial traverse angle chosen and
the ratio-increase factors are shown in Table 5 for each of the six reac-
tor types studied. The change in the ratio of dpa/ fluence (E > 1.05 MeV)
was less dramatic when comparing the ratio at the surveillance capsule to!

that found at the 1/4 T position of the PV wall. For this comparison the
ratio changed by factors of 1.2 or less.

.- - . _- . _ . _ _ _ _ __ _ _ , _ _ , .
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Table 5. Factor by which dpa/4t (E< l.05 MeV) Increases
in Outward Traverse Through PV Wall.

RADIAL
INCREASE TRAVERSE

REACTOR TYPE FACTOR ANGLE

TYPE A 2.23 W
ACCEL + WALL CAPSULE

TYPEB 1.82 13*
TWO LOOP SHIELD

TYPE C 1.95 14.72*
THREE LOOP SHIELD

TYPE D 2.12 30.P
FOUR LOOP SHIELD

TYPE E 2.0 19.875*
THREE LOOP PAD

TYPE F 2.18 31.P
FOUR LOOP PAD

--

There are two important implications of the calculated results found
in this part of the study. (1) If we assume that dpa is a suitable inde-
pendent variable for use in developing trend curves, then fluence (E >
1.05 MeV) is of doubtful value if the information developed is intended
for use at depths beyond 1/2 T in the vessel wall. (2) If information on
mechanical properties is developed at the surveillance position and
applied at the 1/4 T position, using fluence (E > 1.05 MeV) as an inde-
pendent variable, the mechanical property degradation error caused by the
shift in the dpa/ fluence ratio will be of the order of 7% or less. This
last conclusion is based on the assumptions that mechanical property
degradation is proportional to dpa to the 0.3 power and the results for
other reactors will be similar to the results found in this study.

SUMMARY AND CONCLUSIONS

In general the fuel modification appears capable of reducing the
existing exposure rate at the position of the existing maximum by factors
of 5.8 to 17.9. The position of the maximum exposure point is sh.ifted
however, and the ratio of the old maximum to the new maximum ranges
betueen 1.58/1.0 and 3.44/1.0. In the pressure vessel wall, the ratio of
dpa/+t (E > 1.05 MeV) is a function of radial position and this ratio

.
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(dpa/+t) changes by roughly a factor of two in going from the inner
~ surface of the pressure vessel to the outer surface. The actual factors

var ied between 1.62 and 2.23. Capsule perturbation studies undertaken
for the Type A and Type 8 reactors show that the presence of the surveil-
lance capsule increases the neutron exposure at the center of the capsulei

by 25% to 35%.

It appears that fuel management techniques for reducing the neutron
exposure at points of high accumulated exposure show considerable promise.
It is recognized that there are other potential solutions to the over-all

| embrittlement problem, and in-depth studies of all solutions, and the
associated economic implications, are required before firm decisions are'

made.'

A more complete report of this study is available in the Light Water
Reactor Pressure Vessel Surveillance Dosimetry Improv ent Program
Quarterly Progress Report for October - December 1981

i
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ABSTRACT
Starting with the design of the CAP (Prototype

i Advanced NSSS), a programme for pressure vessel surveillance
has been prepared, including dosimetry.

The dosimetry programme encompasses activation
dosimeters (Cu, Nb, Co) and fission dosimeters (237 p ,23eU)p
located either inside the pressure vessel with the monitoring
test-samples, or in a tube outside the pressure vessel.

In the first part, a description of the method for
neutronic calculations is given ; such calculations use the
codes ANISN and MERCURE 4 allowing assessment of the neutron
spectrum seen by the detectors and the related reaction

rates. This is followed by a description of the instrumenta-
tion.

The initial dosimetry results available after the

first operating cycles are in good agreement with calculations.

1 - DESCRIPTION SOMMAIRE DU PROGRAMME DE SURVEILLANCE

La Chaufferie Avanc6e Prototype (CAP) est un r6acteur de type
PWR implants sur le Centre d' Etudes Nucl6aires de Cadarache. Concu,
construit et exploits par Technicatome, pour le compte du C.E.A., ce
r6acteur constitue un moyen d'essais largement utilisable dans la i

{filiere S cau 16gsre pressurisse et, plus sp6cialement, un moyen |d'essais des 616ments combustibles. |

La chaufferie nuc16 aire est de type int 6gr6e, c'est-a-dire que
le couvercle de la cuve est r6alis6 par Ic g6n6rateur de vapeur et les
pompes primaires sont port 6es par deux cornes qui font partie
intsgrante de la cuve. Cette cuve a 6ts r6alisse en acier de nuance
80 HLES et, d6s la conception, un programme de surveillance a 6ts

121
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6tabli et r6alis6 de la facon suivante :
Quatre tubes porte-conteneurs, fix6s sur les structures

internes et situ 6s a quelques centimntres de la cuve (voir fig. I et
2), ont 6ts charg6s de conteneurs de dimensions 20x50x140 mm. Les
conteneurs contiennent soit des sprouvettes Charpy V, soit des
6prouvettes Pellini, soit encore des 6prouvettes de traction. Les
sprouvettes pr61ev6es dans le m6tal de base ont 6t6 plac6es au niveau
du plan m6dian combustible. Les 6prouvettes pr61ev6cs dans le joint
soud6 et dans la zone affect 6e thermiquement (ZAT) ont 6ts plac6es
dans les zones de plus faible flux (voir Fig. 1). Les conteneurs
seront pr61ev6s au fur et a mesure des besoins tout au long de la vie
du r6acteur.

Chaque conteneur a 6ts muni de boltiers de d6tecteurs plac6s
dans les faces sup6rieure et inf6rieure des conteneurs (voir Fig. 3).

Un deuxiBme programme de dosimstrie a 6t6 6galement entrepris
en insta11 ant derriste la cuve un tube sur toute la hauteur. Ce tube
est destin6 a recevoir des d6tecteurs par activation, dont le
chargement et le d6chargement s'effectuent au moyen d'un c3ble
semi-rigide lors des arr6ts normaux du r6acteur.

L' int 6gration du flux neutronique est assur6e par les
d6tecteurs suivants :

niveau plan m6dian combustible :.

- d6tecteur fer en disque diamntre 7 mm, 6paisseur 0.1 mm,
- d6tecteur Cu-Co a 1.12 % de cobalt, fil de longueur 5 mm,

diamatre 0.7 mm.

. niveau soudure basse :
- d6tecteur fer en disque diam 5tre 7 mm, 6paisseur 0.1 mm,
- d6tecteur cobalt pur en disque diam 5tre 7 mm, 6paisseur

0.1 mm.

Ce programme permet de suivre la fluence neutronique recue par
la cuve et de v6rifier les calculs neutroniques r6alis6s pour chacun

des coeurs.

2 - SCHEMA DE CALCUL DE L' ACTIVATION DES DETECTEURS
ET DES TAUX DE FORMATION DE DOMMAGES

Nous avons utilis6 dans ce cas les codes ANISN et MERCURE 4.
Le sch6ma de calcul permet une repr6sentation a trois

dimensions de la g6om6trie et de la distribution des sources de
neutrons. Ceci est essentiel pour la repr6sentation du coeur. Nous
d6crivons ci-aprss les deux codes MERCURE 4 et ANISN ainsi que le
sch6ma de calcul.

2.1 - Mercure 4 [1] [2]

Ce code int 5gre le noyau d'att6nuation en ligne droite dans



,
.

_ _.

,

123

deux cas :

- rayonnement gamma avec une structure multigroupe pour les sect' ens
efficaces et avec une bibliothaque de facteurs d' accumulation,

- neutrons rapides dont l' attenuation est calculse au moyen de
sections efficaces de d6 placement donnses par l'utilisateur.

Nous ne dscrivons ici que le cas des calculs neutroniques. Pour

calculer un taux de rsaction donns Td Pour un dstecteur d MERCURE 4
utilise la formule donnse par la relation (l), oh le noyau G(r , r,d)
caract6 rise l'attsnuation des particules nses en r , arrivant en r et I

contribuant au taux de rsaction d.

Td= dr S(r ) G (r , r, d) (1)o o o
) . < Vs

VS est le volume contenant les sources. Le noyau G est calculs en
|

utilisant la section de dEplacement E p ur le dstecteur d et lai'dregion i :

G(r , r, d) = (Ad / 4n(r - r )2) exp (_ g ti) (2)o o i,d

on t est la distance traversse en ligne droite dans la isme rsgion
g

Ad est un coefficient dependant seulement du dstecteur d.
La description gnomstrique dans MERCURE 4 pour les rsgions

sources et les regions de protection est A trois dimensions : des
surfaces, soit planes soit du second degrs, sont dsfinies par
l'utilisateur. Ces surfaces limitent des volumes homogsnes qui ont une
distribution quelconque dans l'espace.

' Finalement, l' int 6gration de la formule (1), donnant le

rssultat Td est effectuse par une msthode de Monte Carlo avec un
calcul exact des fonctions d'importance qui donne une tras bonne
prscision statistique sur le rssultat pour des temps de calcul brefs.
L'utilisation de la msthode de Monte Carlo svite des erreurs
systsmatiques dues au calcul par diecrstisation de l'intsgrale (1).

2.2. ANISN [3]

ANISN est le code amsricain bien connu r6solvant la forme
intsgro-diffsrentielle de l'6quation du transport par la methode des
ordonnses discrates (diserstisation du flux angulaire sur un maillage
spatial et angulaire). Les sections efficaces ont une structure
multigroupe et sont reprssentses par un d6veloppement en s6rie de
polynomes de Legendre. La g6omstrie est A une dimension.

2.3. SCHEMA DE CALCUL

2.3.1. Nous dsfinissons une g6omstrie A une dimension en respectant
les spaisseurs de matsriaux travers 6s dans la direction oh les
rssultats sont souhaitss. Nous ef fectuons alors les calculs suivants :

. - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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- un calcul ANISN en configuration cylindrique donnant le spectre de
neutrons s (E, r) dans la protection et tous les taux de rsactions
Id donnss par la formule (3) :

Td(r) = S(E, r) rd(E) d E (3)
o

rd : f nction de reponse du d6tecteur d.
En particulier, nous obtenons les taux de rsaction a chaque
fronti6re des r6gions de protection.

- dans la m6me gsom6trie, nous effectuons plusieurs ensembles de
calculs MERCURE 4, un ensemble par dstecteur. Dans ces calculs nous
ajustons les sections efficaces de d6 placement E;g pour obtenir par
MERCURE 4 et ANISN le m8me taux de rsaction a chaque fronti6re.
L'ajustement donne aussi le coefficient A *d

2.3.2. A l' aide des sections efficaces de d6 placement Eg nous
effectuons le calcul exact a trois dimensions d'espace par MERCURE 4
en tenant compte de la distribution la plus pr6cise des sources de
neutrons.

2.4. Application a la CAP

Les calculs ont sts effectu6s pour le cycle 1 de la CAP, les
densitss spatiales des sources de neutrons sont dsduites des calculs
de suivi de coeur effectu6s au CEA-SERMA.

Les sections efficaces nscessaires au calcul de transport par
ANISN sont obtenues par condensation a 100 groupes de VITAMIN C[4]
avec comme biblioth6que de donn6es ENDF/B4. Elles sont traitses dans
l' approximation P3. Le calcul de r6fsrence ANISN est effectus en
gsomstric cylindrique avec l'ordre de quadrature S4. La figure 4
repr6sente les spectres de neutron's :

- a l' emplacement des sprouvettes,
- a l'entrse de la cuve,

- a l' emplacement du tube de mesure.
Pour le calcul a trois dimensions par MERCURE 4 nous avons

consid6rs les fonctions rsponses suivantes :

- fluence de neutrons d'snergie superieure a 1 MeV,
- fluence de fission squivalente pour la formation de zones,

- snergie esdse au rsseau (eV/g),72 38 23- taux de fission sur U et Np,
83 63

- taux de r6 action sur Nb et Cu,

Les taux de fission et de reaction peuvent 6tre compar6s aux
valeurs exp6rimentales ce qui confirme le modsle de calcul. Les autres
r6ponses permettent de corr 61er les dommages form 6s dans les
6prouvettes et ceux cr66s dans la cuve.

Pour la comparaison avec les expsriences, les sections
efficaces expsrimentales des d6tecteurs sont donnses dans la partie 4.
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3. DOSIMETRIE NEUTRONIQUE DANS LE TUBE EXTERIEUR

Cette dosimstrie assure l'intngration des flux pour chaque
cycle de fonctionnement. Une courte campagne, men 6e lors d'un
d6marrage, a fourni des valeurs de l'indice de spectre spithermique, .

ainsiqu'unesectionefficaceexp6rimentalemogennedelareaction 5"Fe(n p) 5"Mn par comparaison avec In(n, n')*I'*In.S

On trouvera dans le tableau suivant un apercu des r6sultats
obtenus sur un cycle :

Fluence c (Fe) Fluence rapide > 1 MeV
3$ epi / kS"* *

th
'(n/cm ) mesurne calcul6e

"b"*"" 0.044 1.55 10 121. 2.3 10 2.5 10'!7 16 1,

! median

"I"*"" 16 1 10.040 0.90 10 127. 6.5 10" 6.2 10"soudure
1

4. DOSIMETRIE NEUTRONIQUE AUX EMPLACEMENTS DE SURVEILLANCE
j

4.1. Description des dosimstres

Chaque conteneur d'6prouvettes contient 4 bottiers de
dosimatres (Figure 3) :

2 bottiers pour d6tecteur par activation (Co Cu, Nb).
I boltier pour detecteur fissile 237Np,
1 boltier pour d6tecteur fissile 2seU.

Le bottier des d6tecteurs par activation est une coupelle en
aluminium a couvercle souds par ultra-sons en atmosphere d'H611um. Il
contient :

a/ pour la dosimstrie des neutrons rapides, un disque de cuivre de
diamntre 4 mm et d'6paisseur 1 mm et un disque de Niobium de
diamstre 4 mm et spaisseur 20 pm,

b/ pour la dosimstrie des neutrons thermiques un disque d'alliage
Aluminium-Cobalt S 2 %, diamatre 4 mm, 6paisseur 0.2 mm.

Le bottier des dosimstres fissiles est en titane (diam &tre
9,8 mm, epaisseur 1 mm), il contient le support du d6p6t de matiBre
fissile. La masse nominale de d6p8t est 10.5 mg. Ce bottier est ferms

23epar soudage 61ectronique. Le bottier U est irradis A l' int 6rieur
d'un filtre en Gadolinium.

___ _ _-___-___ _____
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4.2 Mesure et traitement des activitns

Les rayonnements 6 mis par chaque source sont mesurns, dans une
g6omstrie 6talonnse, a l' aide de diodes :

-Si-Li pour'les X du s 3nNb ,
3-Ge intrins&que de 50 cm pour les autres.

Pour le traitement des activit6s, les hypothases suivantes sont

admises :
a/ les rapports entre les composantes, thermique, rapide et

spithermique du flux se maintiennent dans le temps.
L'initialisation du traitement itsratif des activitss est stablic A

| partir des valeurs d6duites du spectre th6orique (figure 4),
b/ le flux neutronique dans l' emplacement de mesure est proportionnel-

A la puissance du rsscteur. Le diagramme de fonctionnement du
r6acteur, fourni par l'exploitant de la CAP, donne donc la fonction
inconnue : le flux en fonction du temps, a une constante pras.
Cette constante est d6termin6e par le programme ACTIGE.

c/ les sections efficaces au-dessus de 1 MeV sont d6Lermin6es
dans le spectre A l' emplacement des 6prouvettes avec des valeurs de
bibliothaque ENDF/B et reca16es aux valeurs if publines. Le jeuexp
obtenu est le suivant :

R6 action #' "
Es Bib io. /R6 srenceN > IMcV

68Cu(n.a) 6 to 6.8 5.27 ans 0.505 mb 0.5 mb 2.43 mb
ENDF/BV

83Nb(n n'p3mNb 1 16.11 ans Rh(n n') 153 mb 236.8 ab
CCDN norm 6 *

a 153 ab

Np(n,f) PF 0.6 1 336 mb 1 312 mb 1 959 mb2 37

ENDF/BIV [6]

2 38U(n f) PF 1.5 300 mb 305 mb 499 mb
ENDF/BIV [6]

*ActualisationavecT=16.llansetKX=0.116de[7}.35o : valeur moyennse sur un spectre de fission de U.

Pour l' exploitation des dosim5tres fissiles une grandeur
importante est le rendement de fission Y, dans le domaine des neutrons
rapides. Les valeurs utilis6es sont donn6es ci-apras.

.._ _ 9
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Y% Raie traitse Taux
P.F !!p U E kev branch. Pnriode

I%

"7Cs 6.08 6.01 661.6 85. 30 ans

"Zr 756.7 et 724.2 55 et 44.5 64.05 j
5.78 5.13

S hib 765.8 100 34.97 j

106Ru 2.24 2.51 621.8 9.81 369 j

5. RESULTATS

5.1 Fluences mesurnes

Les fluences au-dessus de 1 MeV obtenues 5 partir des
dosimDtres associss au conteneur n* 6 sont les suivantes :

D6tecteur Cuivre Niobium Neptunium Uranium

0.95 ('"C s) 0.85
Fluence 0.82 (*Ru) 0.68

28en 10 n/cm2 0.67 0.78 0.72 (35Zr) 0.53
0.67 ("Nb) 0.61

I

La pr6 cision des mesures d'activits de certains produits de
fission est trop faible pour 6tre prise en compte. Compte tenu de la
durse d' irradiation, seul le 137Cs est valide, la fluence qu'il donne
est en accord avec celle des dosimstres par activation.

Dans le spectre des neutrons incidents sur le conteneur n' 6,
la section efficace de dsplacement des atomes de fer pour les neutrons
d'6nergie > 1 MeV est trouv6e o > 1 (dpa) = 1353 b. A partir de la
fluence
9.1 10~,d6duite du cuivre on dsduit que les sprouvettes ont subidsplacement par atome.

5.2 Comparaison des calculs et des mesures

Les calculs de taux de rsaction dscrits dans la section 2 se
rappo rtent a 45 % de 1' irradiation totale. On les ramEne A
1' irradiation totale en admettant que la distribution des sources dans
le coeur n'a pas 6ts trss diff6rente de celle du cycle objet du calcul
th6orique. Les taux de r6 action attendus sur les dosimatres se
d6duisent alors des valeurs calculses en ranenant celles-ci aux
sections efficaces expsrimentales selon : 7,m = Td calculs g

rd exP

_ - _ _ _ - _ _ _ _ _ - _ _ ..
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Cas valeurs et celles effectivement mesurses sont comparses
dans le tableau ci-dessous :

Taux CUIVRE NIOBIUM NEPTUNIUM URANIUM

de rsaction
-

par noyau-

T mesurs 1.621 10-8 1.84 10 7 1.86 10-6 (187 ce) 4. 25 10-7

T'm 1.94 10r9 2.35 10 7 2.12 10'6 4.24 10 7

On peut noter l' excellent accord entre la mesure issue du
dosimstre Uranium et le calcul thsorique. Pour les autres dosimstres
l'ncart calcul/mesure est de l'ordre de 20 % scarts qui ne mettent
pas en cause la corr 61ation entre les deux modes de dstermination.

CONCLUSION

A la vue des premiers rssultats et de leur cohnrence on peut
dire que les moyens mis en oeuvre dans le programme de dosimstrie
associs a la surveillance de la cuve de la CAP sont adaptss.
Soulignons en certaines particularitss :
- Prssence du tube de mesure A l'extsrieur de la cuve.
- Choix du titane dans l'61aboration des dosimstres fissiles et leur

bottier.
- Choix du niobium comme dstecteur.
- Schsma de calcul permettant une representation tridimensionnelle.
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CALCULATIONS OF THE WESTINGHOUSE PERTURBATION
EXPERIMENT IT THE POOLSIDE FACILITY

R. E. Maerker and M. L. Williams
Oak Ridge National Laboratory

Oak Ridge, Tennessee, USA

ABSTRACT

Discrete ordinate calculations are made and the results
compared with measurements performed in the Poolside
Facility for the purpose oY validating various procedures
adopted for the analysis of this facility. In addition,
these calculations can be specifically used to verify the
interpretation of measurements made to infer the pertur-
bation effect of a Westinghouse surveillance capsule in a
typical radiation environment. Comparisons indicate
agreement on an absolcte scale between measured and calcu-
lated reaction rates to within about 10% and agreement of
the perturbation effect to within about 2%.

INTRODUCTION

The Oak Ridge Poolside Facility (PSF)! like the Pool Critical
Assembly Pressure Vessel Facility (PCA-PVF), is currently being used to
benchmark dosimetry measurements that can serve to validate various
aspects of the transport methods used in calculating energy dependent
neutron fluences in light water reactor pressure vessels. These fluences
are required to estimate the neutron damage to the pressure vessels in
the form of embrittlement. The PSF is driven by the 30MW Oak Ridge
Reactor (ORR), whereas the geometrically similar core of the PCA-PVF has
a maximum power of only 10KW. Earlier analyses of measurements performed
in the PCA-PVF started with a fission source distribution that was deter-
mined from both core calculathns and some in-core measurements. For the
PSF, no in-core source measi. :.ments are available and hence the analysis
must rely completely on a calculated fission source distribution. The
first objective of this study, therefore, is to evaluate the validity of
a calculational procedure that predicts fluxes and reaction rates
exterior to the ORR core that does not depend on any core measurements
(other than total power). The particular set of measurements chosen to
test this procedure may be collectively called the Westinghouse pertur-
bation experiment, in which various reaction rate measurements were made
in a Westinghouse simulated surveillance capsule simultaneously with

*Research sponsored by the U.S. Nuclear Regulatory Commission Office of
Nuclear Regulatory Research under interagency Agreement (40 55175) with
the U.S. Department of Energy under contract W-7405-26 with the Union
Carbide Corporation.
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measurements made essentially ig*ghe absence of the capsule, but at
somewhat different locations.2* The second objective of this study is
to calculate the perturbation effect itself by repeating the surveillance
capsule calculations but replacing the capsule with water, and to com-
pare the magnitudg*gf this effect with that deduced experimentally from )
the measurements.

PHYSICAL DESCRIPTION OF THE EXPERIMENT

A view looking down from the top of the facility is shown in Fig.1. j

The configuration of the core with masses of 92% enriched fuel present at
the beginning of the 17 day cycle in which all the measurements were made
is also indicated, along with the location of non fissionable materials
and on-going in-core experiments present. The fresher outside fuel is
almost symmetrically placed with respect to the horizontal centerline;
the only significant fuel asymmetry in affecting fluxes leaking the alu-
minum window occurs in the second row, where sources south of the cen-
terline are a little higher. There is also a vertical asymmetry caused by
the control rods, producing a peaking about six centimeters below the
centerline. Both source asymmetries were retained in all the calcula-
tions of the PSF. The aluminum window is followed by 4 cm of water, a 6
cm. stainless steel thermal shield, a 12 cm water gap and finally a car-
bon steel simulated pressure vessel wall 22.5 cm thick. All series of
measurements were performed in the 12 cm water gap. Two vertical tra-
verses on either side of the horizontal centerline inside a simulated
Westinghouse surveillance capsule were made, and two more were made on
the centerline inside small microtubes (ie., essentially satisfying the
requirement of being unperturbed, in-water measurements). A fifth series
of measurements was made in a horizontal microtube behind the thermal
shield at a vertical position corresponding to the peak flux location.t

I

CALCULATIONAL DETAILS

All calculations of the reaction rates follow the sequence outlined
in Fig. 2. Burnup calculations for the atom densities of the fission

a p epa esproducts and fuel were first E* ** "' "9 *

input necessary for VENTURE,5 a three-dimensional diffusion-theory code.
The irradiation commenced some six days into cycle 152-A, and lasted for
nine complete days (216 hrs) before the experiment was pulled. Middle of
cycle conditions for burnup and control rod position were thus used in
this core analysis, which should adequately calculate the time averaged
source distribution during irradiation. The seven group cross section
set used in the core calculation was collapsed from a 218 group standard
library 6 in use at ORNL.

!
i
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The three-dimensional fission neutron source distribution calculated
by VENTURE was first integrated over the vertical direction (z) to pro-
vide a fixed source for a two-dimensional (xy) transport calculation
throughout the core, water gaps, thermal shield, and pressure vessel
wall. These fluxes were calculated for the first 102 groups of the 171
group VITAMIN-C structure (0.098-17.3 MeV) using the infinitely dilute
VITAMIN-C cross section library7 for beryllium, aluminum, and water, and
two specially generated sets of stainless steel and carbon steel cross
sections weighted (EY )-l. The lower limit of.0.098 MeV in the 1024
group structure is below the thresholds of all the threshold activities
measured. This study thus does not calculate non-threshold (n,y) activi-
ties that were also measured. All cross sections involved in the
transport process were based on ENDF/8-IV. These fluxes represent z-
integrated values, and were calculated using the 00T-IV discrete ordina-
tes code.8

Next, the three-dimensional VENTURE source distribution was
integrated over the core width (x) and used as the fixed source in
another two-dimensional discrete ordinates transport calculation: this
time (yz) with the fluxes interpreted as integrals over x.

Finally, a third fixed source was obtained from the VENTURE calcu- '

lation by integrating the source distribution over both x and z. A one-
dimensional (y) calculation using ANISN9 was then performed to obtain '

,

fluxes integrated over both x and z.

The fluxes from these three discrete ordinates calculations were tom- '

bined to form a three-dimensional flux according to the following
prescription:

4g(x,y,z)=4g(x,y)4g(y,z)/f4g(y,z)dz, (1)
,

or more simply,

&XYZ " $XY (2)
*

.#Y -
To the extent that the three-dimensional flux is separable in x and

y, Eq. (1) or (2) is identical to the flux synthesis procedure adopted
previously in the analysis of the PCA-PVF.10 It is easy to see that
integrating both sides of Eq. (1) over all z, for example, yields the
correct integrated fluxes:

[4g(x,y,z)dz = 4 (x,y) = 4g(x,y)[4 (y,z)dz/cg(y) = 4g(x,y), (3)g g

4g(y) E [4g(y,z)dz s [4g(x,y)dx. (4)
where

By defining the discrete ordinate calculated fluxes to be integrals
over one or two dimensions, we have replaced the somewhat arbitrary
interpretation of the component fluxes in Eq. (2) from the PCA-PSF for-
mulation with more physically meaningful quantities. It should also be

. _- -- _
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pointed out that in regions where vertical (z) or horizontal (x)
variations in materials occur, such as in the control rods and over the
midplane area of the core, flux weighting of the various material cross
sections over the third dimension is necessary.11 These weightings were
neglected in the earlier PCA-PSF analysis but were considered in the pre-
sent analysis. Also, since the integral in Eq. (1) is over all z, it is
best calculated with AtlISH rather than integrating a 00T calculation, in
contrast to the PCA-PSF procedure,10 because it is easier to
integrate over the finite source than over an infinite flux range.

Finally, af ter the synthesized fluxes have been obtained, saturated
activities are calculated and where necessary to compare with measure-
ments, corrected to activations at the end of irradiation.

RESULTS AND COMPARISON WITH MEASUREMENTS

End of Irradiation Activities in the Surveillance Capsules

Calculated saturated activities using ENDF/B-V dosimetry cross sec-
i

tions in each of the two surveillance capsules (see Fig.1) were
corrected to end of irradiation activities (see Fig. 2) with the help of
ENDF/B-V fission yields and half-lives and universally accepted natural
abundances, and compared with measurements 2 in Table I. For purposes of
clarity, only the vertically averaged values are presented. The vertical
profiles were compared at all measured locations within 120 nTn of the
peak flux location, and no vertical trend of any kind was observed be-
tween the calculated and measured activities.

TABLE 1. COMPARISON' OF CALCULATED AND MEASURED ACTIVITIES'
IN THE SURVElLLANCE CAPSULES

CAPSULE BEHIND THERMAL CAPSULE AHEAD OF
PRESSURE VESSELSHIELD

_

RE ACTION CALC. ME AS. C/E CALC. MEAS. C/E

64F e(n.p)54Mn 6.17(3)' 6.59(3) 0 94 1.12(3) 1.22131 0.92

630u(n,rr)60Co 7.56(1) 7.81(1) 0 97 1.80(1) 1.85(1) 0.97

a sTi(n.p)46Sc 4.75t3) 5.45(3) 0.87 1.03(3) 1. 6(3) 0.89

58Ndn plseCo 3.90(5) 4.31(5) 0.90 6.89(4) 7.72(4) 0.89

237Np(n.f) 3 80Ba 9.4315) 1.10(6) 0.86 1.11(5) 1.32(5) 0.84

103Ru 3.7 045) 4.20(5) 0.88 4.36(4) 5.00(4) 0.87237Np(n.fl

237Np(n.f)'52r 2.32(5) 2.71(5) 0.86 2.74(4) 3.2714) 0 84

238U(n,f) t 4 08a 1.51(5) 1.67(5) 090 2.26(4) 2.68(4) 0 84

2 3s U(n.f)'0 3Ru 6.11(4) 6.67(4) 0.92 9.14(3) 1.05(4) 0.87

238U(n,f)952r 3.12(4) 3.49(4) 0 89 4.68(3) 5.70(3) 0.82

AVER AGE OF SIX RE ACTIONS: 0.91 0.89

* AVER AGED oVE R ALL VERTICAL LOCATIONS EXCEPT THE +6.1 mm LOCATION
IN THE THERM AL SHIELD CAPSULE AND THE +11.8 mm LOCATION IN THE ~

2380 FISSloN ME ASUREMENTS ONLY.PRESSURE VESSEL CAPSULE FOR THE
' UNITS ARE bq/mg OF THE N ATUR AL ELEMENT AT THE END OF IRR ADIATION

FOR THE NoNFISSION REACTIONS AND bq OF FISSION PRODUCT PER mg oF
FISSIONING ISOTOPE, ALSo AT THE END OF IRRADI ATION, FOR THE FISSION
R E ACTIONS.

RE AD 6.17 X 10 , etc. THE REACTOR POWER WAS ASSUMED To 8E 29.7 MW,.3#
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From Table I it is clear that no alarming discrepancies are evident, and
that with the possible exception of the 238U(n,f) comparisons at the
pressure vbssel location (no photofission corrections to the measured
data were made) and of the 63 u(n.a) reaction rate calculations (ENDF/B-VC

is suspected to overestimate this cross section in several energy
intervals), a generally satisfactory agreement exists. Since the abso-
lute fission neutron source integrated over the core 10 known only to
about 57. from uncertainties in both the absolute power determination
measurements and in the conversion to neutron source, and from Monte
Carlo analysis 10 the flux synthesis procedure has only been verified to
within about another 5%, any disagreement less than about the existing
10% between calculation and measurement is probably fortuitous.

End of Irradiation Activities in the Microtubes

The same flux calculations used in the analysis of the surveillance
capsule results were also used in the analysis of the two vertical and
one horizontal microtube results (see Fig.1). In contrast to the sur-
veillance capsule calculations presented above in_ which the square 2.54
cm x 2.54 cm x 35.56 cm capsules actually appeared in the geometry,
the microtubes were so thin that their presence was neglected.

Vertical Microtubes

A comparison of the calculated
the vertical microtubes by SCK/CENgtivities with measurements made inis shown in Table II. As indicated

TABLE 11. COMPARISON' 0F CALCt.' LATED AND MEASURED ACTIVITIES'
IN THE VERTICAL MICRoTUBES

BEHINO THERMAL SHIELO AHE AD OF PRESSURE VESSEL

REACTION CALC. MEAS. C/E CALC. MEAS. C/E

SdFe(n.p)54mn 6.41(3)* 6.78(3) 0.95 1.22(3) 1.42(3) 0.86
63Culn a)60Co 866(1) 9.28(1) 0.93
46Ti(n,p)46Sc 5.11(3) 5.77(3) 0.89 1.15(3) 1.40(3) 0.82
ssNi(n.pl sCo 3.99(5) 4.39(5) 0 91 7.55(4) 8.95(4) 0.85

5

237 i38Nptn.fl Cs 1.30(3) 1.54(3) 0 85
23FNp(n,f)t 03Ru 3.04(5) 3.44(5) 0.88
237Np(n f)95Zr 1.91(5) 2.18(5) 0.87

238U(n.f)' 3 7Cs 2.07(2) 2.34(2) 0.88

238U(n.f)'03Ru 5.65(4) 5.96(4) 0.95

238U(n.f)95Zr 2.89(4) 3.16(4) 0.91

AVERAGE OF Six REACTIONS: 0.91 AVERAGE: 0.84

' AVERAGED oVER ALL VERTICAL LOCATIONS FOR THE 5 4 p,, 4 6Ti, AND 58Ni
ACTIVITIES. THE REMAINING ACTIVITIES WERE MEASURED AT ONLY ONE
LOCATION.

' UNITS ARE bg/mg oF THE NATURAL ELEMENT AT THE END OF IRRADIATION
FOR THE NONFISSloN REACTIONS AND bq OF FISSION PRODUCT PER mg oF
FISSloNING ISOTOPE, ALSo AT THE END OF IRRADIATION, FOR THE FISSloN
R E ACTloNS.

3*RE AD 6.41 X 10 , etc. THE REACTOR POWER WAS ASSUMED To 8E 29.7 MW
in.
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in the table, all comparisons involving 5''Fe(n.p), ''6Ti(n,p) and
58Hi(n,p) were spatially averaged in a fashion similar to all the sur-
veillance capsule data; the remaining comparisons were made at only one
vertical location. The agreement behind the thermal shield is considered
satisfactory, and is consistent with the capsule comparisons at the same
location. There is a more significant disagreement at the pressure
vessel location, however, which is somewhat less consistent with the cap-
sule comparisons here, but this could be explainad by a small inac-
curacy in the horizontal location of the microtube as given in Fig.1.

Horizontal Microtube
in ;

the horizontal microtube, also by SCK/CENgijs with measurements madeA comparison of the calculated activi , is shown in Table III.

TABLE |11. COMPARISON of CALCULATED AND MEASURED ACTIVATION PROFILES IN THE
HoRIZONT AL MICRoTUBE BEHIND THE THERMAL SHIELD IN 8q/rng

DISTANCE FROM "I"J M" "'(as) Co
HORIZONT AL CENTERLINE

(mm) CALC. ME AS. C/E CALC. MEAS. C/E

120 LEFT* 3.9 4(31' 4.19(3) 0.94 2.44(5) 2.71(5) 0.90

100 4.25(3) 4.29(3) 0.99 2.63(5) 2.78(5) 0.95

75 4.53(3) 4.68(3) 0.97 2.81(5) 3.03(5) 0.93

50 4.74(3) 4.86(3) 0.97 2.93(5) 3.17(5) 0.92

25 4.86(3) 5.01(3) 0.97 3.00(5) 3.22(5) 0.93

0 4.93(3) 5.10(3) 0.97 3.05(5) 3.30(5) 0.93

25 RIGHT 4.96(3) 5.11(3) 0.97 3.08(5) 3.30(5) 0.93

50 4.9 413) 5.13(3) 0.96 3.06(5) 3.22(5) 0.95

75 ,.a n.4 4.88(3) 1.00 3.02(5) 3.29(5) 0.92

100 4.58(3) 4.81(3) 0.95 2.87(5) 3.12(5) 0.92

125 4.36(3') 4.56(3) 0.96 2.71(5) 3.00(5) 0.90

150 3.88(3) 4.12(3) 0.94 2.41(5) 2.65(5) 0.91

169 3.40(3) 3.74(3) 0.91 2.11(5) 2.34(5) 0.90

AVERAGE 4.48(3) 4.65(3) 0.96 2.78(5) 3.01(5) 0.92

*oRIENTAT!oN RELATIVE To AN 08 SERVER STANDING AT THE PRESSURE VESSEL AND
FACING THE REACTOR.

' READ 3.94 X 10 , etc. THE RE ACTOR POWER WAs ASSUMED To 8E 29.7 MW3 th-

Although not specifically stated in this table, the activities presented ,

'

are referenced to the end of irradiation. The horizontal profile is
observed both experimentally and calculationally to be asymetric with
respect to the horizontal (y) centerline due to a combination of two
effects: first, the fuel loading is asymetrica. as has been previously
discussed, leading to a higher core leakage on the right _(Table III) or
south (Fig.1) side, and second, the presence of the surveillance capsule
on the south side. It is to be observed from Table III that the absolute
measured profile is well reproduced by the calculations for the two reac-
tions investigated.
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Perturbation Effect Introduced by the Westinghouse Surveillance Capsule

Starting with the same fixed source as before, a second (xy) calcula-
tion was performed of the vertically integrated fluxes with the sur-
veillance capsule absent. Assuming that the effects of finite z are not
affected by the presence of the capsule, the unperturbed three-
dimensional fluxes may be synthesized using the same +YZ and +y in Eq.
(2) as before. The unperturbed activities were then compared with the
original perturbed activities at the same x.y,z locations. A comparison
ofthecalgu}atedperturbationswiththoseinferredfromthemeasurements
by SCK/CEN is shown in Table IV. where the perturbation factor is
defined as the ratio of the activity in the capsule to the activity at
the came locaticn in water. It is to be observed that the general trends
of the perturbation as functions of energy (the reactions in Table IV are
listed in order of decreasing threshold) and location are consistent,
ie., the perturbation effect is stronger the less the energy and the
closer to the thermal shield. The magnitudes of the factor also compare
favorably, being at most 67, apart for the s4Fe(n.p) reaction at the ther-
mal shield location. This latter disagreement may be due to an inability
of the measurements to distinguish fully between the effects of fuel
asymmetry and capsule perturbation.

TABLE IV. COMPARISON OF CALCULATED AND MEASURED REACTION RATE
PERTURBATIONS * INTRODUCED BY THE CAPSULE

REACTION BEHIND THERMAL SHIELD AHE A0 0F PRESSURE VESSEL

CALC. MEAS. CALC. MEAS.

63Cu(n,a)60Co 0.994 0.960 0.996
46Ti(n,p)4 6Sc 1.010 1.030 1.007 1.022

54Fe(n,p)s4Mn 1.067 1.127 1.049 1.068

58Ni(n,p)58Co 1.085 1.088 1.062 1.040
238 U(n,f) X 1.190 1.174 1.148
237 Np(n,f) X 1.335 1.323 1.253

* DEFINED AS REACTION RATE AT THE HOLLOW CENTER OF THE
SURVEILLANCE CAPSULE DIVIDED BY THE REACTION RATE ATTHE SAME
LOCATION IN WATE R.

A plot of the calculated perturbation factor as a function of energy
is shown in Fig. 3 for the case of the thermal shield capsule. It is
seen to be strongly energy dependent with many fluctuations, but the
general trend is a larger effect with decreasing energy.

! |
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4

CONCLUSIONS

l
i For the first time, definitive calculations of the PSF have been made

starting with an ORR core diffusion calculation to obtain a source
i distribution which is then used as a fixed source in a discrete ordinates

transport calculation to provide energy dependent fluxes throughout a
ccnfiguration following the core. Using a flux construction technique
that synthesizes three-dimensional fluxes from the results of one-and,

I two-dimensional transport calculations, comparison of predicted reaction
' rates with extensive measurements made in a configuration following the

core validate the general accuracy of the calculational technique, and
indicate that the PSF, like the PCA-PVF, also can be used as a benchmark

! facility.
i

Interpretations of measurements in the PSF for the purpose of,

| inferring the perturbation effect of a Westinghouse surveillance capsule
on surveillance dosimetry measurements have been verified by these same
calculations, thus lending additional credance to both the interpretation
of the measurements, the measurements themselves, and the calculational
analysis.
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ANS SHTPI. DING STANDARDS FOR LIGHT WATER REACTORS
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ABSTRACT

The purpose of the American Nuclear Society Standards
Subcommittee, ANS-6, Radiation Protection and Shielding, is
to develop stand ards for radiation protection and shield
design, to provide shielding information to other
standards-writing groups, and to develop standard reference
shielding data and test problems. A total of seven pub-
lished ANS-6 standards are now current. Additional pro-
jects of the subcommittee, now composed of nine working
groups, include: standard reference data for multigroup
cross sections, gamma-ray absorption coefficients and
buildup factors, additional benchwork problems for shield-
ing problems and energy spectrum unfolding, power plant
zoning design for normal and accident conditions, process
radiation monitors, and design for postaccident radiologi-
cal conditions.

INTRODUCTION

The American Nuclear Society ( ANS) is a standards-writing organiza-
tion member of the American National Standards Institute ( ANSI). The ANS
Stand ards Committee has a subcommittee denoted ANS-6, Radiation Protec-
tion and Shielding, whose charge is to develop standards for radiation
protection and shield design, to provide shielding information to other
standards-writing groups, and to develop standard reference shielding
data and test problems. This paper is a progress report of this subcom-
mittee. Significant progress has been made since the last comprehensive
report.1

The purpose of a standard is to set forth acceptable practices,
procedures, dimensions, material properties, specifications, etc. that
have been agreed on by representatives of a broad segment of the subject
activity. Ideally, because of the standardization process, a standard is
a high-quality, highly reliable, comprehensive summary of the state of
the art.

The organization responsible for promulgating voluntary standards in
the USA is ANSI. The Institute, a nonprofit corporation, is a federation
of leading trade, technical and professional organizations, government
agencies, and consumer groups. The principal functions of the ANSI are
to coordinate standards development, minimize duplication and overlap,
and provide a neutral forum to consider and identify standards needs.
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The standards-writing organization of interest here is the ANS.
Among its committees is one on standards composed of a steering committee
and several subcommittees. The subcommittees, in turn, have established
ad hoc working groups for preparation of individual standards.

The subcommittee on radiation protection and shielding st andards,
ANS-6, now composed of nine working groups, was established in 1964. The

goals and accomplishments of the working groups are briefly described
below.

A NS-6 .1 ; Shieldina Cross Section Standards

The first standard developed by the cross-section working group
provides a reference set of neutron and gamma-ray flux-to-dose-rate fac-
tors for use by shielding design engineers.2 This standard will be

revised in the near future. Issues to be resolved are: the usefulness
of the dose equivalent index, low-energy interpolation in the neutron
dose equivalent table, and the relationship to other standards.

Current efforts of the working group are directed toward developing
a standard to establish criteria for standard sets of multigroup cross
sections to be used for radiation protection calculations. The group is
also testing candidata data sets which appear to meet the criteria and
therefore can be considered to be standard reference data. A draft
standard has been approved by ANS-6 and is being submitted to ANSI Conr
mittee N17, Research Reactors, Reactor Physics, and Radiation Shielding.

ANS-6.2r Benchmark Problama

The primary objective of the benchmark problems effort is to oc7 pile
in convenient form a limited number of well-documented problems in radia-
tion transport which will be useful in testing computational methods used
in shielding.

Four problem solutions were published in 1969 in loose-leaf form by
the Radiation Shielding Information Center. Revisions were issued in
1970 and 1974. The work slowed for a period, but now additional problems
are being developed, including several for typical reactor configura-

|

|
tions. The group now is collecting and evaluating solutions to two prob-
less specifying PWR shielding configurations and a problem which defines
a radwaste configuration.

A second working group, ANS-6.2.2, is developing test procedures for
neutron energy spectrum unfolding codes which treat the "many-channel"
problem. This group is interested in both gamma-ray and neutron spectrum

unfolding codes using idealized, calculated response functions { neutron
unfolding, but initial efforts have concentrated on tests o

|



145

ANS-6.1r Shield Performanne Evaluation

The initial goal of this group was attained in 1972 with the publi-
cation of ANSI N18.9-1972. The group has developed a replacement stan-
d ard which has now been published and is titled " Program for Testing
Radiation Shields in Light Water Reactors."

ANS-6.4 r Shield Materialm

The first major effort of this group resulted in a guide for the
design " #* * * * * **# *# "" " ** * #* *~
tions.5 Plans are being made to update this standard in the near future.

The group is now developing a standard on compensatory shielding
materials, i.e., special materials to be used in shield penetrations to
compensate for the reduction in effectiveness of the bulk shield.

A more recent project, designated ANS-6.4.3, has been undertaken to
develop standard reference absorption coefficient and buildup factor data
for selected materials. A need for reliable low-energy data is espe-
cially recognized. These data are frequently used by design engineers in
point kernel calculations, but no modern generally-recognized compilation

; of data exists.

_A_NS-6.5 r Shieldina Nomenclature

The group developed a glossary fog use in radiation protection and
shieldirg which was published in 1979. The document also includes
definitions of reactor physics terms, compiled by ANS-19 2, and a power
reactor systems glossary compiled by ANS-50. The glossary was issued for
trial use, and comments are desired by the group to use in developing
succeeding drafts. Further work will be required to ensure that the most
useful terms will be incorporated into the " Glossary of Terms in Nucleara

{ Science and Technology," which continues development under ANS-9.

ANS-6.6 r Calculation and Manauramant of Direct and Snattered
Radiation from Nuclear Power Plants

The group has developed a standard which defines calculational
requirements and measurement techniques to estimate exposures near nuc-
lear power plantg due to direct and scattered radiation from contained
sources on site. Nitrogen-16 gamma-rays are a prime consideration.

ANS-6.7 2 Radiation Zonina for Desian for Nuclear Power Plants

The proposed standard, " Radiation Zoning for Design of Nuclear Power
Plants ," has been sent to the Nuclear Powcr Plant Standards Committee
(NUPPSCO) for approval as an ANSI standard. At the request of NUPPSCO,

.
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of the standard is being extended to cover the entire area ofthe scope
the plant in addition to the areas inside the main plant building.

A second group under 6.7 is organizing to begin the process of
project to establish zoning standards fordetermining the scope of a

design of shielding which takes account of possible reactor accident
conditions.

ANS-6.8 ; Location and Ranae of Detection of Area and
Process Fluid Radiation Monitorina Systamn for Nuclear

Steam Generatina Plants
,

Organized in early 1975 as a joint project with the Health Physics'

a standard titledI Society Standards Committee, the group has developed
" Locations and Design Criteria for Radiation Monitoring Systems for Light
Water Nuclear Reactors."8 The standard was published in 1981.

The group is now working on a companion standard on continuous pro-
cess and effluent radiation monitoring systems.

ANS-6.9r Desinning for Postaccident Radioloaical Cnnditinna

A new working group was organized in late 1981 to develop one or

more standards to provide guidance in designing for postaccident radio-
logical conditions which can arise at LWR power plants. This group will
function in cooperation with groups under NUPPSCO sharing similar
interests.

|
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CALCULATIONS OF THE STARTUP EXPERIMENTS
A THE700LSIDE FACILITY
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|
4

ABSTRACT

4

Discrete ordinate calculations are made and the resultsI

'

compared with measurements performed in the startup experi- i

ment at the Poolside Facility. Because of the physical size t
,

; of the simulated surveillance capsule used in this
experiment, the analytic procedure is more complicated than,

one adopted in earlier calculations of the PCA-PVF and PSF.
The comparisons indicate the pressure vessel .fluences in the
long-term irradiation experiments still presently going on
at the PSF, and which are geometrically identical to the
startup experiment, can only be predicted to within about
20%.

|. INTRODUCTION.

Previously described ORNL analyses of measurements performed in the
j Pool Critical Assembly Pressure Vessel Facility (PCA-PVF)1,2,3 and the
~

Poolside Facility (PSF)4,5 have been relatively successful in predicting
activities. The PCA-PVF comparisons indicate agreement to within about
10% in the water gap preceding the . pressure vessel mock-up, and to

t within about 20% for all three locations in the pressure vessel itself.
The PSF comparisons for the Westinghouse perturbation experiment again
indicate agreement to within about 10% in the water gap, which is the

! only location where measurements were made. Different sets of dosimeters
'

were used in these two experiments, with some duplication, so that it can
be generally concluded that the calculated neutron spectral shape is con-
sistent with the measurements made in water, but that there is strong,

evidence from the PCA-PVF comparisons in the pressure vessel that this
j dgreement deteriorates somewhat with increasing penetration in the iron.
1

The present series of PSF calculatibns are intended to fulfill a dual
' purpose. First, they fill. in the gap left by the earlier PSF comparisons
i where no measurements were performed in the pressure vessel, and second,

they can serve as accurate estimates of flux intensities throughout the
identical 4/12 configuration with. simulated surveillance capsule and
simulated pressure vessel capsule that is being used for the long-term

; irradiation experiment' currently under way at the PSF.

*Research sponsored by the U.S. Nuclear Regulatory Commission Office of
Nuclear Regulatory Research under interagency Agreement (40 55175) with
the U.S. Department of Energy under coatract W-7405-26 with the Union
Carbide Corporation.
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PHYSICAL DESCRIPTION OF THE EXPERIMENT

Unfortunately from the analytical point of view, the geometry of the
startup (and long-term irradiation) configuration is complicated by the
presence of the simulated surveillance capsule (SSC). This is essen-
tially a solid slab of stainless steel (except for a 1-inch void located
near the top) whose dimensions are such that it covers about one-half of
the area of the core (see Figs. I and 2). Since the macroscopic cross
section of water is less than that of stainless steel for energies above
2 MeV, neutrons in this energy range leaking the core tend to "short
circuit" the steel in their transport to the detectors in the pressure
vessel. The combination of a decrease in leakage toward the edges of the
core relative to the centerline and an increase in transmission over and
around the SSC relative to the centerline tends to flatten both the ver-
tical and horizontal flux profiles incident on the pressure vessel.
Thus, the transport of high energy neutrons into the pressure vessel
detector locations is determined to a significant degree by the three-
dimensional geometry in the region of the SSC.

The remaining details in Figs. I and 2 show the core fuel loading at
the beginning of cycle 151-A, the last 18 days of which were used at full
power to irradiate the dosimeters in the startup measurements, the
approximate locations of the detectors whose responses are analyzed in the
present study, and the as-built dimensions of the configuration. Notice
that the detectors as indicated in Fig. 2 were placed two inches below
the reactor midplane, near the location of the peak flux. In reality, a

vertical profile was calculated for each of the four detector locations
so that the activities can eventually be compared with the measurements

| of all the laboratories participating in the experiment, which in general
were made at different vertical positions.

,

i
;

i
; METHOD OF CALCULATION

The method of discrete ordinates was employed in the solution of the
i transport equation, using DOT-IVs with a fixed source determined from

middle of cycle (MOC) burn-up and control rod conditions. The fixed
source was calculated using the three-dimensional diffusion code

| VENTURE 7, the input to which was supplied by the auxilliary code VIPORR.
: The general method of solving for the three-dimensional fluxes throughout

sPSF configurations has been outlined elsewhere , but the complications
introduced by the relatively small dimensions of the SSC in both the ver-

t tical and horizontal directions necessitates the use of an iterative pro-
cedure in the flux synthesis method.

,

| Adopting the cartesian coordinate system shown in Figs.1 and 2, with
,

u,n, and C the corresponding direction cosines of the vector 8 along the
| x,y,z axes respectively, the three-dimensional Boltzmann equation may be

written'

i
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u .32 + n M + c h + B(x,y,z)4 = S, (1)
3x By az

I (E,d'+E,6)dE'd6', (2)where bit- 5

4 is the angular flux and S an external source. Integrating Eq. (1) from
z=zd to zT yields

3 XY_+ q Xl + Bxy4xy + Lz = Sxy, (3)
u

Z

&XY=[T
where

4(x,y,z)dz, (4)

zg

z T

XY = [TB(x,y,z)c(x,y,z)dz / 4(x,y,z)dz, (5)B

ZBZB

zT

SXY = S(x,y,z)dz, (6)

ZB

Z " L (x,y,u,n) = ([4(x,y,zT) - 4(x,y,zB)]. (7)and L Z

Similarly, integrating Eq. (1) from x=xt to xR yields

34YZ + c 34YZ + Byztyz + lx = Syz, (8)
n -

ay BZ

X * L (y,z,n,() = p[4(xR,y,z) - 4(xL *Y'Z)3' (9)where L X

As written, Eqs. (3)Z are defined in a fashion analogous to Eqs. (4)-(6).and &YZ' BYZ, and SY
and (8) are exact. They are coupled together in two

ways: first, through the cross-section weighting in BXY and BYZ, and
second, through the leakage terms. If (zT, zB) and (xL, xp) are chosen
such that B(x,y,z) is constant over the x or z interval, then no cross sec-
tion weighting needs to be done and only the leakage-coupling terms need
to be estimated:

2

dyf((6)[4yz(y,zT*b)-&YZ(YeZB,6)]d8
L (x,y,u ,n )" Y1 '6 k 4XY(x,y,u n).

7
Y Z t

,[2dy[T 4YZ(y,z,6)dd (10)dz
'

'y1 ZB
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and
2i '

p(6)[4XY(XR'Y'b) - 4XY(xL,y,6)]d67 d

L(Y'Z'9'C)" #I ( &YZ(y,z,n,c)X

Y2 xR- I

dy dx 4XY(X'Y'b)db ( l '- )

Our calculations of the fluxes 4XY and 4 Z used the following itera-Ytive procedure. Estimates of the bracketed quantity in Eq. (10) are
first made using a YZ calculation in which LX is assumed to be zero, the
source is integrated completely over all x, and there is no spatial
cross-section weighting.* The values of zr and zg are chosen to be the
vertical extent of the SSC. The fluxes 0XY are then calculated using
these estimates of L /4XY with xg and xt consistently chosen to be the7
width of the SSC, and in the same calcuTation estimates of the bracketed
quantity in Eq. (11) are also made. The estimates of leakage in the x
direction are then used in a revised YZ calculation, the source and
revised z leakages this time l'eing derived from consistent values of

izT and zg. A revised XY calculation was finally made in which the |

bracketed terms from the revised YZ calculation were used, and the fluxes
differed from those in the first iteration by less than 27., thus effec-
tively establishing the rapid convergence of the procedure.

Since the x and z limits over which the fluxes are integrated repre-
sent the cross-sectional area of the SSC, no spatial weighting of the
water and stainless steel cross sections in this region is necessary, and
the region is also suf ficiently small that the approximation may be made
that the flux is separable in x and z. Thus, the flux synthesis |prescription described in Ref. 5 is applicable:

4 (x,y,z) = 4g(x,y)4g(y,z)/4g(y), (12)9
Z

but where now 4g(x,y) is the solution for S(x,y) = [TS(x,y,z)dz, (13)
z0

R

4g(y,z) is the solution for S(y,z) = S(x,y,z)dx, (14)
*L

R z

and 4g(y) is the solution for S(y) = S(x,y)dx=[TS(y,z)dz, (15)
XL ZB

and where, in addition, leakages out the finite x and z faces must be
considered.

*The programmed output using DOT-IV must be changed from the existing
DB2 in the y-direction to DB2 in the z-or x-direction. Using a variable
mesh, the number of x or z intervals varies with y interval; this
establishes y as the basic dimension, but it is not the direction in
which the leakages are desired.
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BIAS FACTORS F00 THE CALCULATIONAL METHOD

For the case where all the steel slabs extend at least as high and as
wide as the core, it has been verified that near-centerline fluxes based
on the use of Eq. (12) agree within statistical uncertainties of about 5%
with results of three-dimensional Monte Carlo calculations.8 For the
case of smaller slabs such as the SSC, however, the approximations intro-
deced by the coupling of the XY and Y7 calculations necessitate a further
e<aluation.

Consequently, fluxes were calculated and synthesized using two dif-
ferent procedures for the case of a simplified geometry. This geometry
preserved the dimensions of the core but replaced all ex-core materials
by a water medium of infinite extent in x and z, but into which a 10-cm
thick steel slab also of infinite extent in x and z was placed 20 cm from
the core face. (The introduction of this slab should not be necessary,
but was done to incorporate steel as well as water cross sections into
the procedure). Synthesized centerline fluxes using Eq. (12) were
obtained from a pair of XY and YZ D0T-IV calculations and a Y ANISN
calculation in which the limits of the integrations in Eqs. (13)-(15)
were unbounded. These fluxes represent essentially values that have been
verified by Monte Carlo methods and hence can be regarded as correct.
Synthesized centerline fluxes again using Eq. (12), but with finite
values for the limits in Eqs. (13)-(15) corresponding approximately to
those used in the startup calculations and including leakages, were
obtained in a manner identical to that used for the startup calculations.
Values of the two flux integrals occurring in Eq. (15), each calculated by
integrating the two-dimensional fluxes, agreed to within 1.5% for all
groups and locations. Comparison of the two sets of synthesized fluxes
indicate that the bias factors (ie., factors that multiply the finite +
leakage results to correct for methods approximations) are somewhat dif-
ferent from unity for centerline detector locations at distances froa the
core corresponding to the pressure vessel, and they increase with
increasing energy. The trends are indicated in Table 1.

Table 1. Synthesized Flux Bias Factors for the Startup Calculations

Energy Range (MeV) SSC T/4 T/2 3T/4

11.05-19.64 1.016 1.075 1.085 1.095
8.19-11.05 1.012 1.077 1.084 1.094
6.07-8.19 1.009 1.068 1.073 1.080
4.07-6.07 1.004 1.045 1.050 1.055
3.01-4.07 1.003 1.029 1.035 1.039
2.59-3.01 1.001 1.019 1.023 1.028
2.12-2.59 0.996 1.009 1.014 1.018
1.83-2.12 0.993 1.004 1.009 1.013

_ ___



-. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _

I

155

|

| It is clear that the additional approximations used in the present
analysis do not seriously compromise the accuracy of the calculations,
and that biases of at most 10% can account for these relatively minor
effects.

COMPARISON OF CALCULATED AND MEASURED RESULTS

Fluxes were calculated and corrected by the method outlined in the
previous sections, using the highest 102 energy groups (0.1-17 MeV) of
the same library used in a previous calculation.4,5 Cross sections for
those truncated transverse regions in which several materials were still
present, such as,the core and the steel and vacuum capsules, were pre- I

pared from Eq. (5) and its YZ counterpart. These fluxes were folded I

with ENDF/B-V dosimetry cross sections and the activities compared with
some measured saturated activitias9,10,11 in Table 2.

As was first suggested in Ref. 5, the ENDF/B-V dosimetry cross sec-
tions for the 63Cu(n.a) reaction are apparently somewhat too high, and
the comparisons in Table 2 further substantiate this. A revised set of
dosimetry cross sections evaluated by C.Y.Fu,12 which are proposed for
ENDF/B-VI, produce about 9% lower values for this activity while leaving |
the remaining activities relatively unchanged. Thus, the overall com- I

parisons suggest an agreement of the calculated activities to within '

about 20% for the first three locations and about 25% for the fourth one,
the latter consistent with earlier PCA comparisons that indicated a
somewhat too high value for the ENDF/B-IV inelastic cross section of
iron.13,14,1s

CONCLUSIONS

The comparisons in Table 2 clearly indicate a somewhat greater discre-
pancy, even at the SSC location, than either of the former series of
experiments analyzed,1-5 and one is somewhat at a loss to explain why.
The complexities introduced by the SSC seem to be well handled by the
method described, since the discrepancy does not appear to appreciably
worsen with increasing depth into the configuration, with the exception
of the 3T/4 location which can be explained as being due to iron cross-
section deficiencies. A source normalization error of about 10% would
bring the two PSF experiments analyzed into agreement, but the maximum
uncertainty in the power measurements has been estimated as 4%.16
Ef fects on ex-core fluxes of cycle-to-cycle and within cycle time depen-
dent source distributions have been investigated and found to be of the
order of 2%; more accurate calculations using transport theory and multi-
thermal group cross sections with upscattering for the core analysis have
also indicated very small (~1%) perturbations in the ex-core fluxes. It

'

is undoubtedly significant that all three PCA-PVF and PSF experiments are

_ _ _ _ _ . _- ______ -_ ____________ _ _ _ _ _ _ _ _ _ _ _
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somewhat undercalculated, but unless reasons for this soon become
apparent and the calculations corrected, the calculated fluences in the
long term irradiation experiment currently under way at the PSF will be
low by about 20%.

iTable 2. Comparison of .Some Calculated and Measured Saturated
Activities in the Startup Experiment in Bq per Nucleus at 30_ Mw

i
SSC T/4 T/2 3T/4 *

f Calculated 63Cu(n.n) 2.69-15* 2.00-16 7.30-17 2.51-17
i Measured 63Cu(n.a) 3.07-15 2.10-16 7.97-17 2.81-17

C/E 0.88 0.95 0.92 0.89-

Calculated 46Ti(n,p) 4.97-14 3.30-15 1.17-15 3.85-16
Measured 46Ti(n p) 6.12-14 4.04-15 1.47-15 5.30-16

| C/E 0.81 0.82 0.80 0.73
1

Calculated 54Fe(n.p) 3.91-13 2.32-14 8.30-15 2.76-15
Measured 54Fe(n.p) 4.67-13 2.75-14 1.02-14 3.74-15

C/E 0.84 0.84 0.81 0.74

CalculatedssNi(n.p) 5.28-13 3.15-14 1.15-14 3.91-15'

Measured seNi(n,p) 6.45-13i 3.90-14 1.49-14 5.56-15
C/E 0.82 0.81 0.77 0.70

Calculated 238U(n,f) 1.31-13
Measured 238U(n,f) 1,56-13ti'

C/E 0.84

Calculated 237Np(n,f) 1.21-12
ii! Measured 237Np(n,f) 1.40-12

| C/E 0.86
,

| t All measurements except the sani (n.p) measurement in the SSC are taken
from Refs. 9 and 10. The exception is taken from Ref. 11. The vertical
locations vary between 50.8 and 76.2 m below the reactor midplane.

* Read 2.69x10-15 etc.
ttAverage of the 137Cs and 95Zr fission product results only; the 144Ce

fission product results were ignored because they seemed less con-
sistent with the others.

|
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.

INTRODUCTION

Much effort has gone during the last yeare towards programmes
for the surveillance of the safety of LVR vennels. The U.S. NRC
supported the dosimetry-steel irradiation programme in the poolside
facility (PSF) of the ORR reactor at Oak Ridge, undertaken in this~

frame. It aims to establish the interrelationship between dosime-
try, metallurgy and fracture mechanica. This two year irradiation
programme started in 1980. Different neutronic characterization
runs were organized at low and high reactor power in an engineering
mock-up 4/12 configuration (x/y : x is the core to thermal shield
distance in cm and y is the thermal shield'to pressure vessel dis-
tance in em) before the start of the main programme. One of these
runs at high power included a 18 days irradiation, in which ex-
tensive neutron dosimetry measurements were performed by different

-

European and U.S. laboratories. The main results of the European
laboratories are presented in this paper.

DOSIMET?.! CAPSULES

AERE Harwell and RR & A Derby supplied ORNL with stainless
steel capsules containing Fe, Cu, Ti, Ni, Nb 'and Co/Al detectors
together with some prototype sapphire damage dosimeters.-

SCK/CEN Mol supp34.tA ORNL with interlsboratory steel and ga-
dolinium capsules ari Jth different sets of foils. The final
mounting of the .cGn 'CEL capsules was done at L..iL. Each capsulecontained 6 Ag/A) / 1, 6 Nb, 6 Fe, 6 Ti, 6 Ni and 2 Cu foils.3 e A
The gadolinium ,,psu.:, were filled by ORNL with fission detectors
supplied by HEDL.

The AERE/hR & A and SCK/CEN capsules and the fission detectors
were located in the LWR simulator according to the specifications
given in table 1 (only these samples, that were afterwards measured

159
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by the European laboratories, are considered in table 1).

TABLE 1. DETAILS OF SAMPLE LOCATION

IRRADIATION LOCATION SAMPLE AXIAL HEIGHT ABOVE MIDPLANE (me)

SSC INTERLABORATORY CAPSULE - $1

AERE/PR & A CAPSULE - 35

1/4 T INTERLABORATORY CAPSULE - 75
AERE/RR & A CAPSULE -122

FISSION DETECTORS O

1/2 T INTERLABORATORY CAPSULE - 75

AERE/PR & A CAPSULE -122

3/4 T IllTERLABORATORY CAPSULE - 75
AERE/RR & A CAPSULE -122

IRRADIATION HISTORY

The activation detectors were irradiated in the PSF facility
of the ORR reactor during about 18 days. Details of the irradia-
tion histories are given in table 2. For each position the irra-
diation interval was somewhat different due to loading and un-

loading procedures.

|

| The interlaboratory capsules were after irradiation dismantled
! at ORNL. Part of the interlaboratory capsule content was sent to
!

TABLE 2. IRRADIATION HISTORIES FOR THE 18 d. PSF CHARACTERIZATION RUN

BEGIN EXPOSURE END EXPOSURE TOTAL IRRADIATION EFFECTIVE IRRADIATION
ATION

(LOCAL TIME) (LOCAL TIME) TIME (a) TIME AT 30 MW (n)

6 6
SSC OCT.27,1979 14h26 NOV.14,1979 8h55 1 5377 10 1 5105 10

6 6
1/4 T OCT.27,1979 14h26 NOV.14,1979 8h43 1 5370 10 1 5097 10

6 6
1/2 T OCT 27,1979 21h11 NOV.14,1979 8h55 1 5134 10 1.4902 10

6 6
3/4 T OCT.27,1979 21h18 NOV.14,1979 8h55 1 5130 10 3,gggg go

i



V61

SCK/CEN-Mol, the remaining part being sent to HEDL. SCK/CEN pro-
vided afterwards ECN-Petten and PTB-Braunschweig each with a detect ~
set of each irradiation location. All detectors were counted by
SCK/CEN before shipment to ECN and PTB.

The AERE/RR & A capsules were dismantled by AERE-Harwell. The
dosimeters of these capsules were counted at AERE-Harwell and
AEE-Winfrith.

The Cu foils of the interlaboratory capsules were sent by
SCK/CEN in a round robin to all European participants.

AXIAL FAST NEUTRON FLUX DISTRIBUTIONS

The axial fast neutron flux distributions in the different
irradiation locations were measured by means of Ni detectors.
Cosinefunctionscos[B(y-C)],whereinyistheaxialdistancein
mm to the reactor midplane, were fitted through the measuring
points. The fitted B and C parameters are summarized in table 3
The axial distribution becomes flatter when penetrating into the
vessel wall, while the axial maximum is shifting from negative to
positive values.

TABLE 3 FITTEDPARAHETERSOFTHEAXIALFASTNEUTRONFLUXDISTRIBUTIONSCOS[B(y-C)]

!

IRRADIATION LOCATION B (e ) C (mm)

SSC 4.42 10~3 45 4

~3t/4 T 3 34 10 - 20.6

1/2 T 2.82 10~3 - 4.9

3/4 T 2. 8'O 10"3 32

|

|

COUNTING RESULTS

The counting results (specific activities at the end of irra-,

diation) of the different laboratories, normalized to the SCK/CEN
' results, are shown in table 4. All results were considered at the
; reactor midplane level, taking into account the measured axial fast

:j neutron flux distributions discussed in the previous section.
|

i
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T)' ELE 4 SPECITIC ACTIVITIIS MEASCRED BY THE CITTERE iT LABCPATCRIES

SPECITIC ACTIVITIES RELATIVE TO SCK/CEN
RICCMMENOED

RAM AIRE /RS & A CAPSULE C (%)
REACTION CAPSULE ACTIVITIEa.

II)ECN PTB (AEFE), (1) (AERE12

7
Nb(n,n') 1.17 1.02 2.062 10 9095

0
53Ni(n.p) 1.01 1.09 1.05 7 242 1C 39

7

g Te(n.p) 1.01 1.00 1.07 1 10 1 103 10 43SN
6

46Tiin.p) 0 99 1.02 1.12 1.07 8 508 10 3,3

5 ,,g
63Cu(n.4) 1.02 1.01 0 99(2) 1 201 10

(1 29) (1.05)

7 1.69hr 0 97 0 98 3 437 10

Np(n,f)(137Cs 5237
0 96 0.98 2 522 10 2.0

6
Zr 0 95 0 98 3 508 10 2.695

;33 )
137Cs 0 99 0 97 2 738 10 1.4

t< 61.00 1 330 10 0393Nb(n n )e

4 7
SONi(n.p) 1.00 1.00 1.07 1.03 4.472 10 31

5 6.05'Te(n.p) 1.00 0 98 1 11 1.09 6 936 10

46Ti(n.p) 1.00 1.01 1.12 1.04 5 851 105 49

63Cu(n,a) 1.01 1.01 1.01(2) 9 206 103 05
(1.15) (1.08)

5
93Nh(n.n') 0.85 6.643 10 it.S

SONi(n.p) 0 99 1.09 1.02 1 721 107 4.4

SATE (n.p) 0.97 1.00 1.10 1.10 2.6C6 105 6.0e.
n,
s

Ti(n,p) 0 98 1.02 1 13 1.07 2.161 105 5.846e

3
63Cu(n o) 1.03 1 02 1.02(2) 3 465 10 1.0

(1 37) (1 30)

5
93Nb(n.n') 0.84 3 33S 10 11 9

6Sa i(n.p) 1.00 0 99 1.07 1.00 6 310 10 y,)s
4

5"Te(n.p) 1.C0 1.00 1.10 1.07 9 3C6 10 47

* "0Ti(n.p) 0 96 0 98 (0 76) 1.01 7 566 10' 2.2

3 0.963 u( n ,a ) 1.00 1.01 1.C2(2) 1 245 10C
(1.46) (1 27)

t MEASUREMI fTS FIRTCRMED AT NA9' SELLS (AERE)2 : MEASCRIMINTS PERTCRMID 47 WINTFITH(1) (AERE)q

(2) Cu TOIL TBCM INTERLASCRATCRY CAPSULE

,
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Small radial flux corrections were applied to the detectors from
the interlaboratory capsules since the detectors in these capsules
were not all positioned on the same vertical axis. Somewhat diffe-
rent decay scheme parameters were used by the participants. In
order to intercompare the countings, all reported results were re-
ecaled using the same decay scheme parameters, taken from reference
b1)+

The agreement between SCK/CEN, ECN and PTB is excellent : in
general better than 2 % for all non-fission detectors and better
than 5 % for the fission detectors. The agreement between the

(AERE)1 and (AERE)2 results is reasonable : the (AERE)1 results are,
on an average, 4 % to 5 % higher than the (AERE)2 results, while
the average difference for the Cu detectors is about 10 %. The
observed differences for 93Nb(n,n') are somewhat larger than could
be expected taking into account the results from a recent niobium
intercomparison[2]. The specific activities deduced from the
deteetors in the AERE/RR & A capsules are systematically higher
(except for Nb) than the specific activities deduced from the de-
tectors in the interlaboratory capsules : % to 10 %, on average,
for the SONi(n.p), the 54Fe(n p) and the 4gTi(n.p) reactions,
while a difference of ~ 25 % is noted for 63Cu(n a) reaction. These
differences are apparently not due to a bias in the calibration of
the countiing equipment of the participants, since a round robin of
Cu detectors of the interlaboratory capsules resulted in an excel-
lent agreement (better than 3 % : see table 4). Preliminary in-
vestigations indicate also that local fast neutron flux perturba-
tions, created by the dosimetry capsules, can be excluded, so that
a major reason for the observed 5 % to 10 % differences could not

, be identified. The high specific activities from the 63Cu(n a)60Co
j reaction in the AERE/hR & A capsules are probably due to Co impu-
j rities in the Cu material.

The overall uncertainties on the measured specific activities,
as quoted by the different laboratories, are given in table 5 The
uncertainties are of the order of 15 % to 3 % for most reactions,
except 93Nb(n,n').

The recommended specific activities (table 4) at the end of
the irradiation were calculated by averaging the available results.
The Cu results of the AERE/RR & A dosimeter capsules were not con-
sidered in the calculation of the recommended specific activities
(values given between brackets in table 4).

The results of the thermal dosimeters are not discussed in
this paper since they are of less importance to the PCA/ PSF pro-
gramme. These results were only used to apply minor corrections
as e.g. the 58Co and 58 oC m burn-up of the Ni detectors.

.

$
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TABLE 5 OVERALL UNCEHTAINTIES ON THE MEASURED SPECIFIC ACTIVITIES

UNCEkTAINTY (1 o) IN %
NEACTION

ECN PTB AEHE SCK/CEN

95 r 29 17 2.1Z
Np(n,f)f237

137 e 29 1.4 2.0C

95 r 29 25 2.1Z
238 (n r)U

137 n 29 1.4 2.0
C

93 Nbfn.n') 56 4.6 4.5
|

Ni(n.p) 2.6 15 34 19

NFe(n.p) 2.2 15 2.4 19

'Ti(n p) 23 15 32 19

65Cu(n,a) 2.7 13 32 19

NEUTRON FLUXES

One-dimensional ANISN transport calculations in a 171 energy
group structure were performed by ORNL, while two-dimensional dis-
crete ordinate transport DOT calculations in a 17 group structure
wereperformedbySCK/CEN[3]. In both cases, the PSF core confi-

guration was replaced by the pCA core configuration, described in
reference [4]. These calculations could not take into account in
a proper way the neutron leakage problems created by the SSC cap-
sule :
1) the axial dimensions of this capsule are shorter than the axial

i dimensions of the thermal shield and pressure vessel wall.

| 2) a gas gap on top of the capsule creates neutron field pertur-
~ bationsillustratedinacompanionpaper[5].

Three-dimensional calculations are requirsd to deal with these

! leakage problems. Nevertheless the main features of presently

j computed spectral shapes are expected to be realistic enough for
! the considerations that follow.

{
' Spectrum averaged cross-sections were calculated with the
j ENDF/B-V data, except for the 93Nb(n,n') reaction where the

Heged*ds data multiplied by a bias factor 1 37 have been used [6].i

| Neutron flux ratios $(> 1 MeV)i/$(> 1 MeV)Ni wherein $(> 1 MeV)i,

l is the measured reaction rate divided by the corresponding cal-

[ culated spectrum averaged cross section above 1 MeV, at the dif-



165

10 -------3---------G---------------+---------- :g.j,
0 '

es o

09 * U
e

E SSC

A

-

--------D--------D-____________,.___________. g.f, .I.0
esOE o

0.9 0 O,e e

s
08 3

*
1/4 T

*
, O -

10 - - - - - - - - - - - - - - - - - - -

._
-c--------------------E 10 % --

og o
._ z o -

p 503 e O
o o o
Z Z

08 e
'

A _A- ,

o |s0 7
* t/2 T

11 e

t0 - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - 10 */. -
E E

09 *

08
5

'07

e 3 /4 T

2 "N p(n , f) N b (n ,n')
U 234 (n,f) "Ti in ,p) 27J Al (n ,a)

''Rnh,C in(n.n') "Fe (n , p ) ''Cu (n .o )
"5

e PSF Ngh power B PSF high power
DOT ANISNo PSC icw pcwcr O PSF tow pcwer

Fig. 1. Neutron flux ration in the PSF 4/12 configuration.
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TABLE 6. HEASURED REACTION RATES IN PSF 4/12 AT A NOMINAL POWEH OF 30 MW

REACTION RATES (a )
HEACTION --

.2,0 1/4 T 1/2 T 3/4 T

Np(n.f) 1.413 10-12

238 (n r) 1 548 10-13U o

93Nh(n.n') 1 575 10 1.016 10-13 5 141 10-1" 2 584 10~'4-12

SONi(n.p) 6 580 10~'} 4.061 10-1 1 583 10 ''' 5 806 10
~ -15

''4F (n p) 4.635 10~'3 2 925 10 1 110 10~' 3 965 10-15#

Ti(n.p) 6.212 10~''' ' . 04 10~ D 1 598 10 5 595 10~'016

-17 3 068 10 '7c u( n .a ) 2.920 10~'S '.239 , -16 g,339 3g63
~

ferent irradiation locations are shown in fig. 1. The reaction
rates at midplane level from which they were deduced are given in
table 6. The following fission yields were considered : 5 78 %
(95Zr) and 6.08 % (137Cs) for 237Np(n f), 5 20 % (95Zr) and 6.03
(137Cs) for 238U(n,f). Photofission corrections for 237Np(n,f)

238(n,f)weretakenfromreference[7]. PSF low powerUand
(20 7 KW) radiometric data [5,8]obtainedinbegin-of-lifecon-
ditions are also given in fig. 1. The average cross sections
involved in these low power flux ratios were also obtained using
the ENDF/B-V data, except for 103Rh(n,n') where the Butler and
Santry data were used.

From fig. 1 one can conclude that :
- the low power PSF data are in good agreement with the high power

PSF data
- the considered 93Nb(n.n') and 63Cu(n.a) cross section data are
overestimating the detector responses. The overestimation for
630u(n.a) is of the same order of magnitude in the different
neutron spectra. This phenomenon was already mentioned in re-
ference[9]. The overestimation for 93Nb(n.n') becomes more
important in softer neutron spectra. The cause of this pheno-
menon is apparently the non adequate shape of the used 93Nb(n,n')
cross section data

- the consistency of the neutron flux ratios decreases when going
deeper inside of the pressure vessel simulator. The tendency
is the same for both types of calculations : ~ 15 % spread in
the SSC position against ~ 25 % in the 1/2 T position, when
excluding 93Nb(n,n').

The absolute $(> 1 MeV) values at a nominal power of 30 MW are
given in table 7 These $(> 1 MeV) values were obtained by

i
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TABLE 7 NEUTHoN FLUX VALUES IN THE PSF 4/12 CONFIGURATION

35c 1/4 T 1/2 T 3/4 T

Der 7.44 1012 4.89 1011 2 56 1011 1.20 1011
o (%) 43 72 6.8 7.8

*
g(> 1 HeV) 12ANIsN 6.84 10 4.65 1011 102 18 1011 9 24 10(n a-1 -2)cm o (%) 7.6 6.4 93 10 9

AhffN 1*09 1*05 1*17 1*30

LOT 3 21 4 37 6.21 8.62_ _

ANISN 3 09 4.10 5 78 7 81M
' ~

,[[[, 1. 04 1.o7 1.07 1.10

7 dot 1648 1969 2470 3134#
(b)

{ ANION 1556 1783 2158 2637) g
1 M*V ,[[[g 1.06 1 10 1 14 1.19

I" #) MEASURED. g g, , g,y) ,

E > 1 MeV CALCULATED

averaging the #(> 1 MeV) values from the different detector types,
irradiated in the PSF high power run. 93Nb(n,n') was not con-
sidered in this calculation. The spectrum averaged damage cross
sections in table 7 are based on the ASTM E 693-79 data.

Appreciable differences are observed in the #(> 1 MeV) data
according to the interpretation based on the DOT spectra or on
the ANISN spectra : the differences become more important when
penetrating into the pressure vessel wall. The neutron flux
> 1 MeV in the SSC position and the 1/4 T position could be de-
termined with an accuracy better than 10 %.

CONCLUSIONS

Neutron flux values, based on countings performed at different
European laboratories, were presented. The fast neutron flt:x
> 1 MeV in the SSC and 1/4 T position was determined with an accu-
racy better than 10 %.

The considered ENDF/B-V cross sections are consistent. How-
ever the ENDF/B-V data of 63Cu(n,n) tend to overestimate detector
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responses. It was also pointed out that more accurate data for the
93Nb(n,n') cross section data are required.
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ABSTRACT

The first PNC/ DOE (HEDL) Collaborative Dosimetry Test
was conducted in the Experimental Fast Reactor "JOYO" in
Japan. Both PNC and DOE (HEDL) activation dosimeters were
irradiated in the J0YO reflector region, material

j surveillance test position (9A1) at the core midplane,
- during the 75 MWt second duty cycle.
,

) In this test, resonance reactions including 58Fe(n,y)S9pe,
59Co(n,y)60Co, 4 5Sc(u,y)46Sc and 181Ta(n,y)182Ta, andi

| threshold reactions such as $3Nb(n,n')93mNb, 237N (n,f)95Zr
103Ru, 58Ni(n,p)S8Co, 46Ti(n,p)46Sc, 54Fe(np)g"Mn,and'

or
63Cu(n,a)60Co were independently measured by both laboratories.
The results of the PNC-DOE (HEDL) reaction rates measurements
showed good agreement, generally within 3%.

Utilizing these measured reaction rates,1 the neutron
spectrum at the test position was unfolded with the J1-
Unfolding code "NEUPAC" at PNC, and also unfolded with the
SAND-FERBET code at DOE (HEDL). Group constants for the
neutron spectrum unfolding code were based on ENDF/B-IV and
V, and the initial guess spectrum for NEUPAC and/or
SAND-FERRET was calculated using the two dimensional trans-
port code DOT 3.5. The reaction rates calculated from the
guess spectrum showed a difference of 72%(10) with the
measured values. But the reaction rates calculated from
the unfolded spectrum agreed with measurement within 111%(10) .
The total neutron flux and flux above 0.1 MeV at 75 MWt

14determined from the PNC unfolded spectrum were 1.28 x 10
2n/cm .sec and 3.19 x 10132 n/cm .sec, respectively. In

14comparison, the values determined by HEDL were 1.08 x 10
and 2.94 x 1013, respectively.
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1. INTRODUCTION

Summary of JOYO

JOYO is an experimental sodium cooled fast breeder reactor and is
the first of its kind in Japan. Through the JOYO experience in design,
construction, fabrication and operation, it is expected to establish new
techniques for the fast breeder reactor. In addition, JOYO is planned
to be utilized as an irradiation facility for research and development
of reactor fuels and materials.

The rated output of the reactor is 50 MWt at the first stage,
75 MWt at the second stage (present) and will be raised up to 100 MWt
in early 1983. The reactor is of a loop type and has two identical
cooling circuits, each having heat removal capacity of 50 MWt. Each
circuit consists of a primary loop, intermediate heat exchanger and
secondary loop. In the secondary loop there are air blast coolers.
The heat generated in the core is finally dissipated in the air through
the air blast cooler. The first and second stage of JOYO is called the
MK-I core, and uses plutonium uranium mixed oxide fuel in the core
region (60 cm height) and depleted uranium oxide in the blanket region.
The MK-1 core provides fundamental LMFBR nuclear physics data and
plant experience. The third stage of JOYO is called MK-II core and
will have plutonium uranium mixed oxide fuel (55 cm height) surrounded
by SUS reflector. The purpose of the MK-II core is an irradiation bed
for reactor fuels and materials. The duty cycle of JOYO is 45 days
operation and 15 days refueling.

Surveillance Test

In the MK-I core, *he surveillance rigs are irradiated in the.

reflector region and the irradiation pots. These surveillance rigs have
flux monitors made from Fe, Ni, and Cu. For the dosimetry test program,

of Nb, Ni}Np, 235
Ti, Cu, Fe, Ta-V, Co-Al, Sc, anddosimeter sets consist

fissionable materials (232 238Th, 2 3 U, and U), inserted in the
surveillance rigs. The surveillance test position [ reflector (9A1)
position] is shown in Fig. 1.

PNC/ DOE Collaborative Dosimetry Test

At the PNC/ DOE Fuel and Materials Joint Working Group meeting at
DOE /HQ in Germantown, in December 1977, it was agreed to exchange dosimetry
techniques and calculational methods. This agreement resulted in the
holding of the First PNC/ DOE Specialists' Meeting on Collaborative
Dosimetry in December 1978 at the Hanford Engineering Development
Laboratory (HEDL) in Richland, Washington. At that meeting, the nec-
essary planning was accomplished for the exchange of dosimeter sets for
irradiation in JOYO and EBR-II. Subsequently, the dosimeter sets were
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exchanged and irradiated in RUN 106 in EBR-II and during the second
75 MWt duty cycle of JOYO.

The second PNC/ DOE Specialists' Meeting on Collaborative Dosimetry
Testing was held at the PNC Experimental Fast Reactor Division in Oarai,
Japan on January 26-29, 1981. The objectives of meeting were to exchange
information on the dosimetry test results, and the analyses of the test
results. In addition, the future joint PNC and DOE dosimetry test
programs were reviewed, and recommendations to the PNC/ DOE Fuel and

Materials Joint Working Group regarding additional dosimetry exchange
activities were made.

2. REACTION RATE MEASUREMENT AND ANALYSIS

Dosimetry Capsule, Irradiation Rig and Dosimeter Design

The PNC and DOE dosimeters were encapsulated into a J0YO dosimeter
capsule DE-1, and were loaded in the dosimetry test rig (surveillance
test rig). The oosimeter capsule is 100 mm (3.94 in.) in length,12 mm
(0.472 in.) ou. ar diameter, and 10 mm (0.394 in.) inner diameter.
Since the capsule had been exposed directly to high-temperature primary
sodium coolant (approximately 824*F) during irradiation, all of the
capsule elements were fabricated of 316-SS. One spacer and three dosimeter
holders are contained in the capsule, and each holder has a hole of
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2.6 mm (0.102 in.) inner diameter -T-"----'",, ,

used to cradle the dosimeters. To
--- ---

,

prevent oxidation of dosimeter pg g . ._ _

materials, Helium gas at one atmo-
" ~ ~ ~ ' .sphere pressure was sealed in the - . . -

capsule. Figure 2 shows an X-ray "' " " " ' ' ' ' ' " " * ' ' " ' ' ' ' ' ' ' ' " * ' * " - 'radiograph of dosimeter capsule
DE-1.

The dosimetry test rig is a
special reflector sub-assembly
used for reactor material surveil-
lance testing in the reflector
region, and is shown in Fig. 3.
The dimensions of the assembly are
2970 mm (116.93 in.) in height, |@'*3,,,,,

+and 76.3 mm (3 in.) in diameter. jv

For the material surveillance and N___/
dosimetry tests, the surveillance
test specimens, temperature moni-
tors, neutron flux monitors, and

~8"^""'*
dosimeters were loaded at various O
core height levels in this rig.
The DE-1 capsule containing the y< u>s iumn

PNC and HEDL dosimeters was loaded C APSUM DE.:

8""'"""
at the core midplane, and another

" 8'^""capsule DJ-l was loaded at 240 mm
i(9.45 in.) above the core midplane.

,

i wrnectf
The PNC and HEDL dosimeters 3 d Num

bused in this collaborative dosimetry -onirier

test are listed in Tables 1 and 2. M
All of the PNC dosimeter weights wrnucz mzza s i l

were measured with a chemical I

balance at JOY 0, and HEDL dosimeter
weights were measured at HEDL. All
dosimeters were fabricated
in wire form except Nb.

r ic. n ii..ir.ii .e s.r..iii. . T..i nie

* * " " * " ' ' " ' " ' ' '
There are difficulties in the

activity measurement of 93mNb since
it is a low energy X-ray emitter
and contains impurity Ta activity. The Nb dosimeter was not evaluated
in this test, and Nb dosimetry techniques are currently being developed
in the J0YO Dosimetry Program.

The purities of the dosimeter materials were 99.9 to 99.999%. Almost
all dosimeter materials had no impurities which obstructed the measure-
ments of reaction rates. On reaction rate analysis of dosimeters, the
Co impurity in Cu and the Sc impurity in Ti were matters of utmost

The Co in Cu was found to be less than 0.1 ppm with massconcern.
spectrographic analysis, and the Sc in Ti was not detected with optical
emission arc spectrography.
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Table 1. Material Weight of PNC Dosimeter Set (DE-1)
*

Irradiated at JOYO 75 MWt 2nd Duty Cycle
DE-1 (PNC-1) Set

Description WeightDosimeter Remarks(mm) (ag)

DN1 2.5L x 0.76D 9.87 0.02

Tl 3.3L x 1.3D 17.80 0.02
Cu UP-A 8.0L x 0.76D 33.07 0.02

UP-B 8.0L x 0.76D 32.79 0.02
LOW 8.0L x 0.76D 31.96 0.022

.

| Fe 2.9L x 0.76D 10.39 0.02
.

TaV (a) 1.0L x 0.5D 1.80 1 0.02 0.1% Ta in V
C0Af 7.9L x 1.0D 17.07 0.02 0.61% Co in Al
Nb 1.5L x 1.0D 9.83 0.03
Rh UP-A 7.0L x 0.50D 17.83 0.02

UP-B 7.0L x 0.50D 17.78 0.01
; LOW 7.0L x 0.50D 17.83 0.01

#
DOE dosimeter,

.

Absolute error (10 uncertainty).
,

Gamma-Spectrometric Techniques and Reaction Rate Analysis

I In the JOYO neutron dosimetr
rateswithactivationdosimeters,gmeasurements,toevaluatereactionthe activities of the dosimeters
were measured by means of gamma-ray or X-ray spectroscopy using a
Ge(pure) detector system (Gamma-X SSD System). The detector used was<

an ORTEC 63 CC high-purity Germanium coaxial solid state detector. In
using this system, the source-detector distance can be changed from
about 3 cm to a maximum 6 m for the varying intensity of gamma-rays
emitted from the dosimeters. The measurable activity ranges from a
minimum 0.01 pCi to a maximum 5 mci with reasonable counting time and

'

counting rates. As the Gamma-X SSD System.also.has sensitivity for very
low energy photons, few Kev X-ray can be measured with this system.

Energy calibration and efficiency calibration of the Gamma-X SSD
137Cs, 54Mn , 6 5Zn, 22Na, 60Co, and Eu, which152System were made with

were supplied from "Laboratorie de Metrologie des Rayonnements,

Ionistants (LMRI, France)." Gamma-ray emission rates for these sources
are 104 to 105 gamma /(sec.4n) based on LMRI calibrations, and their4

accuracies are 2 to 3% (3a uncertainty) .

,

a

1

4

, , - ---,---n- - ,n.- , .- , , . , , -- ,- -.
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Table 2. Material Weight of HEDL Dosimeter (Set No. 1)
Irradiated at JOYO 75 MWt 2nd Duty Cycle

# *#* *ENo. Desimeter Batch Form Vanadium capsule description
)

1 Np-237 24HP Np02 wire 6.992 0.089 cm 0.D. 0.787 cm L. 28590 mgs wt

2 SC SCW-001 0.05 cm 0.D. (wire) 2.030 0.127 cm 0.D. 0.305 cm L. 4.0940 mgs wt

3 Co Mol-1 12Co in V wire 2.593
0.038 cm D.O.32 cm L

4 Fe Sc53 Wire 4.623
0.05 cm D, 0.32 cm L

5 Ni uire 3.910
0.05 cm D, 0.24 cm L

6 Ti 139-w Wire 2.718 0
*0.05 cm D, 0.32 cm L

7 Cu CP03054 Wire 5.212
0.05 cm D, 0.32 cm L

8 Ta 0.12 Ta in V wire 1.80 0.02
0.05 cm D

9 Nb Wire 8.33 0.02
0.05 cm D, 0.5 cm L

10 Nb Foil 0.476 0.014 divided some pieces at capsule cutting

i
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The measured gamma spectrum data was analyzed with the BOB 75
code,3 which was developed by H. BABA and his co-workers in JAERI.

The reaction rates were calculated using the following expression
for corrected activities at the end of irradiation.

I 1RR = A .

c pan f f a

|

- (t -t)dtiS= FJ P(t) e
o o

where

RR = reaction rates (1/ atom *sec)
t

S = saturation factor
A = corrected activity of dosimeter at the end of irradiationc
P = purity of dosimeter material
a = isotope abundance

Na = Avogadro's number (6.0020 x 1023)
fi = correction factor for impurity
fb = burn-up of dosimeter material
po = nominal reactor power (75 MWt for JOYO and 2nd duty cycle)
A = decay constant

ti = irradiation time
P(t) = time dependent reactor pcwer

In this expression, A is corrected for decay, weight, gamma-rayc
self-absorption,4 random summing and dead time.

The results of PNC and HEDL reaction rate measurement at the JOYO
surveillance position (reflector region) [9All are listed in Table 3.

3. NEUTRON SPECTRA DETERMINATION AND RESULTS

Initial Guess Flux

The initial guess flux value used for input data to the neutron
unfolding code was calculated with the following considerations.

1. Code used : DOT-3.5
2. Condition for calculation : 20 energy groups for neutron flux

S30 - P3
3. Cross section : ENDF/B-IV library

Collapsed by AMPX-I code
4. Configuration for calculation : MK-I 75 MWt 1st duty cycle

equivalent
5. 51ux normalization : Power normalization to 75 MWt

|

L-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 3. Results of Reaction Rates at JOYO (9A1)
J0YO 75 MWt 2nd Cycle Dosimetry Results

HEDL results JOYO results Ratios

Reaction Reaction Rate Reaction Rate Reaction Rate g, p g
(DOE set) 1 (DOE set) 2 (PNC set) 3 1/2 1/3 2/3
Z = -1.7 cm Z = -1.7 cm Z = -3.0 cm;

93Nb (n ,n') 9 3mNb 5.047-12 (5.26)a 5.106-12 (5.05)" 0.9884 (7.3) -

58Ni(n,p)SBCo 1.905-13 (2.6)" 2.045-13 (2,07) 1.963 13 (2.24) 0.9315 0.9705 1.042 (3.1)
46Ti(n.p)46Sc 1.606-14 (2.4) 1.725-14 (2.37) 1.708-14 (2.37) 0.9310 0.9403 1.010 (3.3).
63Cu(n,a)60Co 8.02-16 (2.1) 8. 418-l f' (2.91) 7.968-16 (2.85) 0.9527 1.007 1.056 (4.1) -

(3.5 1.419-13 (2.62) 1.399-13 (2.88) 0.9619 0.9757 1.014 (3.9)54Fe(n.p)S4Mn 1.365-13
58Fe(n,y)S9Fe 3.89-12 (3.0)g 4.264-12 (4.63) 4.362-12 (4.76) 0.9122 0.8918 0.9775 (6.6)

(3.876-12)b (3.965-12)b (1.004) (0.9811)

181Ta (n ,y) 182Ta 9.54-10 (4.8) 9.990-10 (3.42) 0.9550 g
59Co(n,y)60Co 1.647-10 (4.7) 1.739-10 (2.57) 1.733-10 (2.66) 0.9520 0.9504 0.9983 (3.7)

,

1 45Sc(n,y)46Sc 1.609-11 (3.1) 1.609-11 (2.33) 1.000
237Np(n,f)103Ru 1.284-11 (3.9) 1.165-11 (8.52) 1.102

i 237Np(n,f)95Zr 1.259-11 (3.6) 1.165-11 (5.22) 1.081-

"lo uncertainty as a percentage error.
Same Fe-58 isotope abundance (0.33%) were used.

i Note. The reaction rate of 93Nb(n,n')93mNb is a preliminary value, and is being rechecked.
Z: Distance from core center level (mm).
Reaction Rate: Reaction /sec/ atom /75.0 MWt.
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Unfolding Code

'
The NEUPAC (Neutron Unfolidng Code Package)5' estimates neutron flux

spectra and other integral quantities from integral data of activation
foils, etc.

A basic equation is Ri = [ci(u)$(u)du (i = 1, number of reactions).
The input quantities are measured reaction rates R , reaction cross1
sections oi(u) and the estimated $o(u) of spectrum $(u). It is required
to attach an error to every input quantity.

From the above, the spectrum 4(u) is obtained as a solution together
I with its uncertainty. Alternatively, the estimate and error of the

integral quantity I = [W(u)$(u)du [in this case, W(u) is entered] is
obtained based on the J1 type unfolding method.6,7 Thus, in problems of
this type, the method can be applied also to other than activation foil
problems.

The NEUPAC code calculates the output spectrum and integral
quantities, chisquare test of output data, plotter output, and error
analysis (including sensitivity analysis) of integral quantities.

The neutron cross section used for neutron unfolding has 103 energy
group structure and was collapsed from ENDF/B-IV and V.

PNC/HEDL Results of Neutron Spectrum Analysis

Table 4 and Fig. 4 show the results of the neutron spectrum analysis
with the neutron unfolding code package NEUPAC at the JOYO (9A1)
position.

The estimated total neutron flux agrees to within about 16% between
PNC and that of HEDL. HEDL used both the FERRET and SAND-II codes for
the neutron unfolding calculation. The estimated spectrum by the SAND-II
code is distributed among the error width of the NEUPAC in the case of
JOYO (Fig. 4), but FERRET result (Table 4) for the total flux is not.
This is due to difference in treatment of the flux below the range of
response of the threshold detectors.

The comparison of neutron flux with E > 0.1 MeV shows better agree-
ment due to its better definition by the threshold detectors. In this
case the PNC results is 3.19 x 1013 10% whereas the HEDL results is
2.94 x 1013 20%. The agreement is thus well within quoted uncertainties.

The average ratio of the calculated reaction rates to the measured
reaction rates is improved from 1.45 0.72 to 1.06 1 0.11 using the
unfolded neutron spectrum with NEUPAC. This means an improvement of
the neutron spectrum and flux using NEUPAC.

. _ _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _ - _ _
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Table 4. Comparison of Unfolded Total Neutron Flux
2in unit of 1/cm *sec

Estimated
Position Initial value

NEUPAC (PNC) FERRET"

JOYO (9A1)b 1. 3 7+1 '* > 30% 1.28+1'' 10% 1.08+14 14%

EBR-II (2B1)

(F4)# 2.33+15 2.54+15 i 10% 2.30+15

(F2)d 8.97+14 9.17+14 10% 7.90+14

aReference 8.
bMidplane position of the reflector.
cMidplane position of the (2B1) core region.
d36.6 cm under the midplane, the (2B1) reflector position.
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4. CONCLUSION AND DISCUSSION

The purpose of the PNC/ DOE (HEDL) Collaborative Dosimetry Test is
the improvement of dosimetry techniques and analysis through the inter-
comparison of the dosimetry results. The intercomparisons consist of
two parts. One part is intercomparison of reaction rates of dosimeters,
and the other is the unfolding of the neutron spectrum.

From intercomparison of the reaction rates measured at JOYO and
HEDL, the following results were obtained.

1. The reaction rates agreed to within 3.5% except for the 237Np(n,f)
reaction.

2. 237Np(n,f) reaction rates shows a discrepancy of 10%. The reason
for this discrepancy has not yet been clearly explained, so we
have been rechecking the 237Np results.

The uncertainties (10) of the reaction rates for all reactions
are evaluated to 2-5% by PNC and HEDL. From this, it is found that
almost all reaction rate results agree within uncertainty, except for
237Np(n, f) reaction.

From intercomparison of the neutron spectrum analysis at PNC and
HEDL, the following results were obtained:

1. The estimated total neutron flux agrees to within 15% for the PNC
result and the HEDL result for all cases.

2. The average ratio of the calculated reaction rates to the measured
reaction rates is improved from 1.45 0.72 to 1.06 0.11 using
the unfolded neutron spectrum.

The error (2-4%) of estimated neutron total flux by the NEUPAC is
smaller than the discrepancy between PNC and HEDL. The reason for
this is the fact that the error estimation by NEUPAC does not include
the uncertainties from the neutron cross section, its energy collapsing
effect and the estimation of the covariance matrices of the neutron
spectrum and the neutron cross sections.
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FFTP GAMMA RAY MEASUREMENTS

W. L. Bunch
Hanford Engineering Development Laboratory

Richland, Washington, USA

ABSTRACT

A series of gamma ray measurements was made in the
reactor of the Fast Flux Test Facility (FFTF) to determine
the absolute magnitude and the spatial distribution of the
gamma ray field and its associated energy deposition.
Detectors used in the measurements included five different
types of ionization chambers, three different types of
calorimeters, thermoluminescent dosimeters, and self-
powered gamma ray detectors. Preliminary evaluation of the
data indicates agreement among the methods to within about
10%; analyses are continuing to refine and establish
absolute values and associated uncertainties.

INTRODUCTION

Historically, the study of gamma rays within a fission reactor has
played a very minor role, with almost the entire emphasis being on neu-
trons. Neutrons are the basis for the chain reaction and are the major
source of damage or change to structural materials. As knowledge of
radiation damage has increased, the need for information regarding the
gamma ray field has surfaced. Approximately fourteen percent of the
energy deposited in a fast reactor is associated with the gamma ray
field, and most of the energy deposited in structural materials is from
gamma rays. Since radiation damage is temperature dependent, the gamma
ray intensity is important in characterizing the radiation environment
for materials tests. The Fast Flux Test Facility (FFTF) was designed and
built for the purpose of testing and developing fuels and materials for
use in commercial fast breeder reactors. In order to support that devel-
opment program, a comprehensive gamma ray measurement program was designed
with the objective of acquiring data with sufficient accuracy and detail
to support the mission of the facility. In addition, the experimental
program is intended to provide a basis for validating and improving
analytical methods and nuclear data.

183
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MEASUREMENTS PROGRAM

One of the major problems associated with making a measurement
within a reactor is that of potential bias. The goal of any measurement
method is to eliminate all biases and to minimize uncertainties; however,
in any single method it cannot be assured that all biases have been elim-
inated. For this reason, a diverse array of gamma ray detectors was
selected for use in this program Detection diversity minimizes the

potential that a common bias will compromise the validity of the results
and increases the likelihood of achieving the desired accuracy goals.

The FFTF reactor is contained in a vessel approximately twenty feet

in diameter and forty feet tall that is filled with molten sodium. The
sodium must be kept above its freezing point at all times and must have
an inert cover gas. The high temperature and sealed environment limit
experimental flexibility. Three different types of test vehicles were
designedandfabricatedtopermitaccessforthenuclea{ characterization
measurements. These were the In-Reactor Thimble (IRT), the Vibration

Open Test Assembly (VOTA), and Characterizers. The IRT was installed
near the core centerline and provided a void region that went from below
the core up through the sodium pool and reactor cover to the operating
deck. A forty-foot long vacuum bottle inside the thimble provided insu-
lation from the sodium and a nitrogen cooling system cooled the central
void region of the thimble. This thimble permitted the use of both
active and passive measuring devices within the core, and also made it
possible to obtain axial traverses.

The VOTA is an instrumented assembly that is located in the outer
row of fuel adjacent to the inconel reflector surrounding the core. This
assembly contains a number of sensors to measure vibration; however, it
also contains a number of neutron and gamma. ray sensors as well as
temperature and pressure monitors. The VOTA sensors are immersed directly
in the liquid sodium and instrument leads are brought out through seals
in the shield plug through the reactor cover. All detectors are at fixed
elevations and radial positions. Whereas the IRT experiments were all
made at power levels of one megawatt or less, the VOTA measurements are
being made at full power and through several operating cycles or until
the detectors fail.

Characterizers are special core assemblies that neutronically and
physically resemble the core component that they replace: fuel, shim or

reflector. The assemF (es were modified to permit removal and replacement
.

of sensor pins. The asor pins were made of fuel cladding and contained
an array of radioactivants for neutron measurements and Thermal Expansion
Dif f erence (TED) temperature monitors. These passive devices provide a
method of measuring the temperature distribution throughout the reactor
in both the axial and radial directions; however, they do not provide a
direct measure of the gamma ray field and must be interpreted through
the use of thermal hydraulics calculations.

.
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The gamma ray measurements program in the FFTF reactor 2 included
the following parameters: the spectrum, through use of a Compton recoil'
gamma ray spectrometer developed for this application; the dose or dose
rate, through the use of ionization chambers, self-powered gamma ray
detectors, and thermoluminescent dosimeters (TLD); and heating, through
the use of calorimeters and TED monitors. Three different type of calo-
rimeters and five dif ferent types of ionization chambers were used
together with the self powered gamma ray detector, the TLDs, TEDS and the

j gamma ray spectrometer in the ef fort to define the gamma ray field
accurately. The program is summarized in Table 1.

I

Table 1. Gamma Ray Measurements Program in FFTF Reactor

Device Test Vehicle
IRT VOTA CH

Spectrometer X
Graphite Ion Chamber X
Steel Ion Chamber X X,X
Tungsten Ion Chamber X
Calorimeter (Steel) X X,X
Thermoluminescent Dosimeter X
Thermal Expansion Difference X
Self-Powered Detector X

Preliminary results of the Compton recoil gamma ray spectrometer
measurements were presented at an earlier meeting.3 More detailed infor-
mation will become available when a basis is established for unfolding
the higher energy information that was obtained as a result of the
spectacularly successful operation of the unique system. Therefore, these
results are not included in this report. Measurements in the VOTA will
continue for some time in the future during operation of the reactor.
Although all of the Characterizers have been irradiated, not all of the
TEDS have been processed at this time. Because of the ongoing verk of
obtaining information, all of the data that have been obtained have not
been fully evaluated. This presents a status report together with some
preliminary results.

IRT Camma Ray Measurements

Ionization Chambers

In addition to establishing the axial profile of the gamma ray
intensity through the core, the IRT ionization chamber measurements also
established experimentally the dependence of the dose rate on the atomic
number of the wall material. The ionization chambers were designed and
fabricated specifically for this application. As illustrated in Figure 1,
alumina insulators were used to support the center electrode and an argon
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gas fill was employed.
Sensor walls were sized to

,,
_

, , , , , ,

obtain electron equilibrium.,,

Unfortunately, graphite wall
, thickness requirements made
/ \

those chambers too large to
,

/ traverse and fixed chambers,
'

3 s

! 's were used instead to obtain
je - \

- axial data. The chambers
N were calibrated through the

a

| \ use of a cobalt source known
\ to an accuracy of 15% in a

---{t5),,,, \ free-air calibration facil-
o anamTE N ity. Results of the mea-,

surement.s in the IRT are
, , , , , , .

g
. c . 4. .se e se zo o ao soo so o son o ime ia o summarized in Figure 2.

DISTANCE FMOM MOMANE. " The maximum intensity is

located below the axial
Figure 2. Ion Chamber midplane of the core because

of the presence of poison
control rods partially
inserted from above.

Calorimeter

Energy deposition la stainless steel is of primary interest because
it is a commonly used st?.uctural material for cladding and fuel hardware.
For this reason all of the calorimeters employed steel as the heating
element. The IRT calorimeter was of the adiabatic type and is illustrated
in Figure 3. The stainless steel sensor is supported by nylon thread at
the center of a gold plated copper shield. Heater controls are provided
for the copper sleeve to maintain the shield at the same temperature as
the sensor to minimize heat losses. For the measurement, the reactor was

brought up on a fast period to a power level of about 0.5 MW and then
maintained constant. For a constant heat generation rate, the time-
dependent temperature of the sensor is given by the relation:

4=C + k T-T, (1)
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where q = energy deposition rate, C = specific heat of sensor, k = heat
loss coefficient T = sensor temperature, and Ts = shield temperature.
One of the two runs with the calorimeter is illustrated in Figure 4.
Relatively good agreement was achieved in the two runs.
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Figure 4. IRT Calorimeter, Run #2

Thermoluminescent Dosimeters

The calcium fluoride TLDs that were employed consisted of bara that
are about 6 millimeters long and 1x1 millimeter square. The small size
of the detectors made it possible to obtain spatial information in both
the axial and radial direction. The TLDs >>ere irradiated within a pure
iron bar that was 6.0 cm in diameter and 450 cm long. Five TLDs were
placed in iron plugs as illustrated in Figure 5, and therie in turn
screwed into holes drilled through the iron bar. Radial traverses such
as this were made at 55 different axial positions, giving a total of

- _ _ _ _ _ _ _
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275 measurements within
the iron bar. The TLDs
irradiated in the IRT
were selected on the
basis of response, all
being within 3% of the
average at the one-
sigma confidence level. , ;- ,; . . ~ . syi g

Results of the
axial traverse from the
TLDs are shown in
Figure 6, where the -

shape is in good agree-
ment with the chamber "

traverses. By encasing N

some of the TLDs in , ' , ' _
,,

tungsten rather than ,

iron sleeves, it was
also possible to estab-
lish the relative energy Figure 5. TLD Sample Holder
deposition rate in iron
and tungsten,for compari-
son to the ionization d' i ''

!'chamber data.
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Figurc 6. TLD Measurements

VOTA Gamma Ray Measurements

Ionization Chambers

Iorization chambers from two commercial sources werc' procured and
installed at various elevations within the VOTA. These chambers were all
encased in stainless steel and had cteel cables for service within the
hot flowing sodium at temperatures up to about 1000 F. Although the cham-
bers were all calibrated prior to instritation, the VOTA resided in the

. .
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sodium pool for over a year prior to the time fuel was placed in the
reactor. During this time operating characteristics of some of the
chambers changed, making the absolute sensitivity suspect. Nevertheless,
the chambers have provided data during startup of the reactor, power level
changes, and scrams. Chamber response during a startup is illustrated
in Figure 7. The response is found to be directly proportional to reactor
power level.
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Figure 7. VOTA Gamma Ray Ionization Chamber #2

Calorimerers

Two different types of calorimeters were placed in the VOTA in order
to elf,minate the potential that the same bias could compromise the results.
The first of these was procured from the Whiteshell Nuclear Research
Establishment operated by Atomic Energy of Canada, Limited at Pinawa,
Manitoba. The design, illustrated in Figure 8, had been used success-
fully in light water reactor applications and needed only slight modifi-
cations for use in a sodium-cooled reactor. The second type of VOTA
calorimeter was designed at the llanford Engineering Development La
(il?.Dh) as an extrapolation of a previous design used successfully.goratoryIt
is illustrated in Figure 9. Whereas the Canadian calorimeter depends on
the conductivity of argon, the IIEDL calorimeter depends on the conduc-
tivity of steel. Both types of calorimeters do rely on the use of ther-
mocouples to measure temperatures. Preliminary evaluation of the data
indicates consistent results, both in the energy deposition rate and in
the spatial distribution.
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Self-Powered Camma Ray Detcctors

Commercial self-powered gamma ray detectors were procured for use
in the VOTA to compare both response times and absolute measurements with
those obtained from ionization chambers. The self powered detector relies
on an imbalance in the flow of electrons from the receptor to the collector'

to generate a current in the absence of superimposed potential difference.
In self-powered neutron detectors, the electrons are generated primarily
by neutron capture in the receptor with subsequent beta decay. In self-

powered gamma ray detectors the materials are selected to have small
capture cross sections so that beta rays are produced primarily as a
result of photon reactions. The self-powered gamma ray detectors have

| operated successfully in the VOTA and are also providing input for noise
I measurements. The dose rate from the self-powered detectors is also in

relatively good agreement with ionization chamber values.

Characterizer Temperature Measurements

|
Thermal Expan9.on Difference Temperature Monitors8

Thermal Expansion Difference (TED) temperature monitors consist of
steel capsules filled with sodium, as illustrated in Figure 10. Sodium

j has a greater temperature-dependent coefficient of expansion than does
'

stainless steel. When the sealed capsules are heated, the expansion of
i the sodium permanently deforms the steel capsule with an increase in
i

t

!
,
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Figure 10. Thermal Expansion Difference Temperature Monitor

volume that is related to the maximum temperature achieved. Because of
i their small size and passive nature, it is possible to distribute a large
! number of these throughout the core and reflector of the reactor in f:har-

acterizer assemblies. These were employed since no other device, such as
#

TLDs, could he use, to measure gamma rays directly at the elevated tem-
~

peratures encounts ted at full power (400 MW). The axial temperature
prof 11e measured in the in-core shim Characterizer is illustrated in
Figure 11. The in-core shim consists of 217 steel pins each 0.23 inches
in diameter and eight feet long encased in a standard hexagonal fuel
duct. In the Characterizer, several of the steel pins were replaced by
sensor pins containing TEDS and radioactivants for neutr'on measurements.
Interpretation of the TED results in terms of energy deposition requires
a thermal hydraulics analysis. The TEDS were irradiated during November
1981 and we are still in the process of recovering these from the Char-
acterizers and reading them out.
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SUMMARY

Table 2 presents a summary of the IRT gamma ray intensity measure-
ments in the FFTF reactor normalized to the core midplane elevation
readings in the steel ionization chamber. It can be seen that relatively
consistent agreement was achieved by the different methods that were
employed. The energy deposition rates in steel at the center of the coro
range from a low of 0.98 as measured by the TLDs to a high of 1.07 as
measured by the calorimeter. The relative energy deposition rates in
graphite, steel, and tungsten are in qualitative agreement with predic -
tions. Consistent values are obtained at the position of the VOTA for
the various detect' ors that were employed. These preliminary results
indicate that we will be able to meet our goal of providing gamma ray
information with the required accuracy to support testing programs to
be carried out in the FF1F.

Table 2. Energy Deposition in IRT at Core Midplane

Measurement Result

Graphite Ion Chamber 0.81
Steel Ion Chamber 1.00
Tungsten Ion Chamber 1.28
TLD (Steel) 0.98
TLD (Tungsten) 1.16
Steel Calorimeter 1.07
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ABSTRACT

Helium accumulation fluence monitors (HAFMs) fabricated
using nine new sensor materials with differing energy sensi-
tivities have provided reliable and reproducible neutron
dosimetry data in several EBR-II irradiation environments.
The (n, total helium) reactions for the nine materials (/ i,L
Be, N, 0, F, S, Cl, K, and Ca) each have different threshold
responses, and effectively supplement the dosimetry informa-
tion now being routine:y obtained from the previously well-
characterized 6Li and ~uB HAFMs.

All the HAFM materials, encapsulated in various chemical
forms, were irradiated in a number of different core and
blanket neutron environments in EBR-II. The subsequent
helium analysis results have been correlated in detail with
radiometric multiple foil reaction rate data and with decived
neutron flux-spectral information, both obtained during the
same test irradiations.

INTRODUCTION

A primary goal of the breeder reactor program in the United States
is the development of reactor systems and compenents that will endure
high-energy neutron fluxes for long periods of time. The testing of
reactor components to establish practical lifetimes can require irradia-
tions lasting several years in high-flux locations. In reactor surveil-
lance work at low-flux locaticns, irradiations may last decades. In all
cases, it is essential that accurate measurements be made of neutron
fluences and energy spectral shapes to provide effective correlations
with materials characteristics, and thus to predict component lifetimes.

19s
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The transfer of these predictions to other reactor environments and other
materials can also be most accurately made when neutron data have been
well determined. The most comonly used present dosimetry techniques
depend on nuclear reactions that produce radionuclides whose radioactivity
can be readily measured. However, many reactions are available that
produce stable end-products conveniently measurable for dosimetry.

le include reactions that alter the ratios of stable isotopes such
ExagB/gB, heavy-element fission that produces specific stable neodymiumas
isotopes, and the formation of helium by a variety of (n,a) reactions with
many elements.

Neutron-induced helium generation is the foundation of the helium
accumulation fluence monitor (HAFM) technique, which uses a variety of
elements and isotopes to achieve a wide range of neutron energy responses.
The fact that the measured end-product, helium, is stable and is not itself
burned up by neutron interactions,makes the HAFM technique particularly
applicable to long-term irradiations. The stability of the helium also
means that the analyses can be perfonned later at a central facility,with
no concern that time delay will compromise accuracy. The helium can be
measured with s1% (Ic) absolute accuracy over a very broad range of
concentrations using mass spectrometric techniques.1,2

Many elements have significant helium production cross sections in
fast breeder reactor (FBR) neutron spectra, providing a wide variety of
energy response ranges which supplement the response ranges of radiometric
neutron dosimeters. For some time. HAFMs using 10B and bli as sensors
have been included as an integral part of most multiple-foil dosimetry
sets used in the U.S. breeder reactor program. In addition to this, the
luB and 6Li helium production
in four benchmark facilities.3goss sections have been integrally tested

This paper reports the initial results of tests in EBR-II of an
extended set of elements with different threshold helium generation cross
sections. The results of these tests demonstrate the differing energy
responses of the different sensors, and provide valuable spectrum integrated
checks on the ENDF/B-V helium production cross section
with cross sections calculated using the SAND-II code.yhrough correlationsj The spectral

i information that can be obtained from each HAFM sensor is unique because
j each has a different energy-dependent cross section. The selection of a
i set of HAFM sensors for neutron dosimetry in a given neutron environment

must then be based on careful study of the expected spectral sensitivitiest

of each sensor in the neutron spectrum to be measured.

1

HAFM Description
,

In simplest terms, a helium accumulation fluence monitor consists of
a sensor material which is irradiated and subsequently analyzed for the
helium produced by neutron reactions. The helium-generating materials
are chosen for the differing energy responses of their helium production

!

:

!

!
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cross sections, for breeder reactor and other high-temperature environ-
ments, it has been advantageous to encapsulate the sensor materials to
prevent adverse chemical or physical interaction wi.th the surroundings,

,

and to prevent loss of helium generated by the irradiation. A number of
materials have bcen successfully used to make miniature capsules, including
vanadium, niobium, gold, platinum, and stainless steel. Direct tests

! have shown no helium leakage significant for dosimetry from any of these
materials in EBR-II. The most commonly used material has been vanadium,
because of its strength, low induced radioactivity, and relatively low
helium production cross section, although an Au-Pt alloy has advantages
in the last category. Typical capsules are 6.4 m long and either 0.9 or
1.3 mm in diameter. The helium analysis of an encapsulated HAFM is
performed by vaporizing the entire capsule and its contents in the mass
spectrometer vacuum system to release the helium. Adjustments are made
for the helium generated in the capsule material, based on calculations or
on measurements of the helium generated in pieces of the encapsulation
material irradiated at the same location.

THRESH 0LD RESPONSE HAFMS

Helium accumulation fluence monitors fabricajed using sensor elementswith different energy response ranges, including Li, Be, N, 0, F, S, C1,
K, and Ca, have been irradiated as part of dosimetry tests conducted
during EBR-II Runs 750, 97, and 106. For convenience in handling,and tr
enable precise mass assay, most sensor elements were used in chemical
combination with another low (n,a) cross section element. Table 1 lists
the sensor elements, the chemical forms in which they were irradiated,
and their typical 90% response limits in the EBR-II core as cciculated
using a SAND-II spectral unfolding code, in combination with ENDF/B cross

| sections. The 90% response limits are the energies above and below which
5% of the reactions occur. These distinct but overlapping energy response
ranges for the sensors are illustrated in Figure 1. Most of the HAFM
materials were irradiated in more than one chemical form (e.g. , Al 023;

!

SiO , Ge0g,l lots would provide the most reliable data.
Nb 05, and Pb0 for oxygen) to detennine which chemical forms2 2

and materia These demonstration
HAFMs were irradiated at several core and blanket locations during three
special EBR-II dosimetry test irradiations, to provide test dosimetry data
in a range of neutron environments. In each case, the HAFM materials
were located adjacent to multiple-foil dosimetry sets to permit accurate
correlation with neutron spectral data obtained by radiometric dosimetry
spectral unfolding. Table 2 contains a suninary of the nominal locations
of the HAFM sets, and adjacent multiple foil sets to which all HAFM data
are referred, along with neutron fluences and mean neutron energies
determined from spectral unfolding using ENDF/B-V cross sections and the
SAND-II code.

|

_ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _



. . .

198

Table 1. Partial List of Threshold Response HAFM Materials
Irradiated in EBR-II Runs 750, 97, and 106

Sensor Typical 90%
Element Response EBR-II Run

or Limits Physical
Isotope (MeV)a Form 750 97 106

7Li 4.0-8.8 LiF X X X

9
Be 2.2-6.7 Be X X X

14
N 1.6-5.2 Si N34

- - X

tin X X X
ZrN X X X

XNbN - -

16 00 4.0-9.0 Al2 3 X - X

SiO2 X X -

Ge02 X X-

Nb 025
- - X

Pb0 X- -

19 7
F 3.6-9.3 LiF X X X

NaF X X X

FeF2 X X -

CaF2 X X X

NdF3 X - -

PbF2
- X-

S 0.2-5.0 Cu2S X - X

Pb5 X X X

C1 2.3-7.8 Nacl X X X

kcl X X X

XPbCl2
- -

K 2.4-7.6 kcl X X -

KI X X X

Ca 0.1-7.4 CaF X X X
2

aApproximate energy limits above and below which 5% of the
reactions occur in the EBR-II core center.
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~

ine parameter measured in the analysis of a HAFM for neutron dosimetry,
helium concentration per atom of sensor material, is the time-integrated
reaction rate of the sensor element. The full-power equivalent reaction
rate is the helium concentration divided by the full-power equivalent
irradiation time. The spectrum-integrated cross section can be calculated
by dividing by the equivalent full-power flux. This cross section then
can be compared to the equivalent integral cross sections calculated from
unfolding data,and energy-dependent cross sections,to determine the
accuracy of the energy-dependent cross section and unfolding process.

EXPERIMENTAL RESULTS

A total of more than 300 HAFMs irradiated in EBR-II containing the
nine sensors listed in Table 1 have been analyzed for neutron dosimetry
applications using standard mass spectrometric techniques. To obtain the

i helium concentrations and reaction rates in the sensor elements alone,
the helium content measured in each HAFM capsule was adjusted for the
composition of the compound, for helium from the chemically combined
carrier element (e.g., Al in Al 0 ), if any, and for the helium generatedi

23
,

I

i
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Table 2. Summary of EBR-II Dosimetry Test
Irradiation Conditions and Locations

l

|

Nominal
Set

Irradiation Location Total Mean
EBR-II (cm) Neutron Neutron

Fl nce EnergyRun Tine Power Set
(10yg/cm2) g (gey)a

Number (106 s) (MW) Name r z

75D 0.806 62.5 R-1 17.3 3.9 - 0.79
H-9 17.3 -1.6 1.79 0.80
R-2 17.3 -9.5 - 0.80

H-7 17.3 -23.5 1.09 0.50
0.44R-4 17.3 -26.5 -

H-6 17.3 -36.6 0.654 0.29
R-5 17.3 -39.0 - 0.26

H-43 38.3 -1.4 0.857 0.41
R-3 38.3 -4.6 0.40-

97 3.15 62.5 R-2 5.9 1.9 - 0.73
H-F4 5.9 0 7.53 0.74

106 3.86 57.25 R-1 5.9 2.1 - 0.69
H-F6 5.9 0 8.80 0.70

R-2 5.9 -35.2 - 0.27
H-F4 5.9 -36.6 3.09 0.26

a"R" indicates a HAFM et; "H" indicates a multiple foil dosimetry set.

in the capsule material. Most of ten, the carrier contributions were deter-
mined by analysis of the pure carrier element irradiated with the HAFMs
at the same locations. In most other cases, however, the contributions

were determined from other HAFM data. For example, the helium generation
data fron HAFMs containing FeF , along with data from pure iron wires, were2
used to determine the fluorine contribution to the helium in the 7LiF HAFMs.
In the remaining cases, the carrier contributions were calculated from
ENDF/B-V cross sections and radiometric unfolding data. For the elements
Ge, I, Nd and Pb, accurate cross section data were not available, but since
the (n,a) cross sections of these carrier elements are expected to be very
small, the uncertainties in the estimates make little impact on the final

i
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results. The contributions to the helium from the capsules themselves were
determined by analyses of encapsulation material irradiated with the HAFMs.
Uncertainties in the final results due to these adjustments for the helium
from the carrier elements and capsule materials generally ranged from
~1 to 2% for core locations, and from 1 to 5% in the blanket, depending
on the sensor compound and encapsulation material.

Using the measured reaction rates for each HAFM type at each irradia-
tion location, two comparisons can be made that demonstrate the consistency
and accuracy of the HAFM technique. First, the good self-consistency and
differing energy sensitivities of the different HAFM types can be seen by
comparing the measured HAFM sensor reaction rates with radiometrically-
measured 54Fe(n p)54Mn reaction rates. This could be done because there
were iron wire segments throughout all the irradiation capsules. These
wires were subsequently radiometrically counted, and provided a suitable
means for interpolating other dosimetry data obtained at slightly different
reactor locations, as discussed later. For convenience, all the measured
HAFM data have been plotted in Figures 2 and 3 as a ratio to the MFe(n,p)
reaction results at the same location. These reaction rate ratios , for
each sensor element, are plotted versus mean neutron energy. For simplic-
ity, the ratios for those separate compounds with common sensor elements
have been combined, and the average result has been used.

DISCUSSION

Ageneyallysmoothsystematicincreasecanbeseca 4 the reactionrate ratios for Li, N, S, and Ca with decreasing mean neutran energy
(Figs. 2a, 2c, 3a, 3d). This trend indicates that the (n,He) reactions
in these four elements are sensitive to neutrons of lower energy than
the reference 54Fe(n.p) reaction. Similarly, the flat-to-decreasing
curves for the Be, 0, F, C1 and K sensors (Figs. 2b, 2d, 2e, 3b and 3c)
at lower mean energies indicate that these elements respond primarily

tonp9Fe(n,p) reaction.trons with energies the same as or higher than those that producethe

The pattern of energy sensitivities relative to 54Fe(n,p) for each
of the sensors is consistent with their energy sensitivity ranges, as
given in Table 1 and shown in Figure 1. Nitrogen, sulfur and calcium

have 90% response limits that extend down to 1.6, 0.2 and 0.1 Mpf,e(n,p)respectively, compared with the equivalent 90% response of the aF
reaction which extends from 7.5 MeV down to 2.3 MeV. On this basis
alone, it can be expected that these three elements should have enhanced
sensitivity for low energy neutrons. In the cases of Be, C1 and K, on

! ge other hand, which have energy response ranges quite similar to the
| Fe(n.p) reaction, the correspgnding ratios in Figures 2 and 3 demonstrate

a sensitivity close to that of D4Fe. Finally, the 0 and F sensor reactions,
which have 90% respc se limits that extend only down to 4.0 and 3.6 MeV

54 e), clearly demonstrate an enhanced high(compared with 2.3 MeV for F

i
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energy sensitivity. The remaining sensor, 7Li, follows an expected trend
at the higher energies, but, as discussed later, there appears to be an

contribution, presumably from a greater-than-
anomalous lower energgLi.expected presence of

The accuracy of the ENDF/B-V energy-dependent cross sections can
be estimated by comparing the spectrum-integrated helium production cross
sections determined from the analyses of the HAFMs containing the nine
sensor elements,with calculated values. The spectrum-integrated helium
production cross sections for each of the nine HAFM sensors were calculated
at the locations of the radiometric dosimetry sets, listed in Table 2.
The neutron energy spectrum at each location was determined using the
multiple-foil radiometric dosimetry data in combination with the SAND-II
unfolding code. The spectrum-integrated helium production cross sections
of the nine sensor elements were then calculated using the SAND-II spectra
in combination with energy-dependent cross sections derived from the
ENDF/B-V gas production file. Because spectral unfolding with good
accuracy was possible only at the location of the multiple-foil spectral
sets, this location was chosen for the comparison of calculated and
measured cross sections. Thus, each of the measured HAFM sensor cross
sections (reaction rates) was adjusted, for comparison purposes, to account
for the fast flux gradients between the actual HAFM irradiation locations,
andthespectrag4 set locations. The adjustment was performed using a
combination of Fe(n,p) reaction rates meas ed at the various irradia-
tion locations, along with published EBR-II gFe(n,p) reaction rate
matrices.8 This method of renormalization of the HAFM results is valid
because the (n a) cross sections of the HAFMs, as well as the 54Fe(n,p)
cross section, are sensitive predominantly to fast neutrons, and there-
fore they can be expected to follow similar trends over the small dis-
tances between adjacent irradiation locations. The interpolation
adjustments were small, and had uncertainties of from 1 to 4%, depending
on the flux gradient. It should be noted here that the additional uncer-
tainties of these interpolations are introduced only to make comparisons

. of the HAFM technique with radiometric foils located nearby. In routine
| applications, however, the HAFMs and the foils would be located in much
.

closer proximity, so this source of uncertainty would all but vanish.
l
|

The ratios of calculated-to-measured helium production cross sections
|

for the nine HAFM sensor elements are plotted in Figures 4 and 5. The
' absolute ratios, together with the trends in the ratios with mean neutron

energy, provide indications of the accuracy of the unfolded spectra and
the ENDF/B-V cross sections, as well as an indication of possible uncer-
tainties in the measured integral values. Figures 4b, 4c, and Sc show

| that the calculated and measured spectrum-integrated helium production
cross sections of Be, N, and K are in very good agreement (within 110%)
at all neutron energies. Figures 4d, 4e, and 5b show that the calculated
cross sections for 0, F, and Cl have a nearly constant ratio to the
measured cross sections, although the calculations are high by 10 to 30%.

| Thus some renormalization of the ENDF/B-V cross sections for these elements

i
!
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may be appropriate. The calculated spectral averaged cross sections for
S and Ca, on the other hand, show significant discrepancies, which
increase to a factor of 2 to 3 at the lowest mean energies. These two
cross sections, therefore, clearly need reassessment at low neutron
energies.

In Figure 4a, pLi show an irregularity that is probably due to ahe ratios of calculated-to-measured helium productioncross sections for

combinationofuncertaingLif(-0.007%).6ies in the ENDF data as well as uncertaintiesin the exact content of Although the expected contribu-
tion to the helium production for this Li " impurity" has already been
subtracted from the data, the low energy data in Figure 4a suggest an
additional presence of this isotope. At higher energies, the 'Li curve
indicates the evaluated cross section is 20 to 30% too high.

The other candidate HAFM sensor materials could also have impurities
of higher cross section helium-producing elements that could have con-
tributed significantly to the present results. For example, 6Li or 108
impurities could produce a dramatic rise in the curves in Figs. 2 and 3
at low mean energies, aqd a corresponding dro) in Figs. 4 and 5. This
trend appears only for 'Li, indicating that tie quality of the other
sensor materials is adequate for HAFM applications. The fact that the
data from separate compounds with common sensor elements were in agree-
ment, also suggests that impurity contributions were not important.

In general, :,ome increased scatter is evident in the lowest energydata points. Thu is consistent, however, with increased data scatter
observed in radiometric measurements at these and other far out-of-corelocations (e.g., Fig. 4, Pef. 9). The additional interpolations,
mentioned earlier, that were used to compare the HAFM data with the
radiometric results, also introduced uncertainties that are most notice-
able at the out-of-core locations, where the flux gradients are generallysteepest.

In summary, the resylts presented here from HAFNs irradiated in

gLiF and boron, can be used as effective HAFM sensors for dosimetryBR-II demonstrate that 'Li, Be, N, 0, F, S, C1, K, and Ca, as well as
measurements in fast breeder reactors. These measurements provide im-
portant integral cross section normalizations that can be used to improve
energy-dependent cross sections in energy ranges relevant to fast
breeder reactors. The integral cross sections themselves are also
valuable for prediction of helium production rates in alloys and other
fast breeder reactor materials.

I

I

.
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SPECTRUM CilARACTERIZATION IN A SIMULATED FR BLANKET REGION

VIA ACTIVATION OF THRESHOLD AND CONTINUOUS DETECTORS
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C.S.N. Casaccia,CNEN

Rome, Italy
G.Daguzan,M.Salvatores J.P.Trapp
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St. Paul-Lez-Durance, France

ABSTRACT

The response of threshold and continuous activation de-
tectors placed in the simulated blanket region fed by the fast
source reactor Tapiro of C.S.N. Casaccia through a buffer fissi
le zone are analized and the differences with respect to tran-
sport calculations are evaluated.

The experiment, in the joint programme CNEN-CEA for
fast reactors, has the purpose of studying blanket properties.

The C2 configuration experimental results together with
the comparisons with transport and diffusion calculation are re
ported. The agreement

bbB*/fissionUEb5
* x Pt for the high ener

gy sensitive fission U index.

INTRODUCTION

Fast reactor fertile blanket neutronic properties have a direct in-
fluence on:
-total power output
plutonium production during reactor life

-neutron spectrum at the core-shield boundaries.
The analysis of integral experiments performed in }bsurca during

R,Z and Preracine2 programmes evidenced the presence of considerable di-
screpancies between calculation and experiment affecting characteristic
integral parameters of blanket. In particular, discrepancies of about 5-
10% for U238 capture rates and U235 fission rates and of about 10% for
U238 fission rates were observed.

The experimental programme NEFERTITI (NE,utronique des regions FERTI-

211
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les 3 Tapiro Interface) started in 1980 and still in course in the fast
source reactor Tapiro at C.S.N. Casaccia,is expected to supply a set of
experimental data which are needed to test -and possibly improve- the
calculational methods adopted in reactor design.

NEFERTITI PROGRAMME

The Nefertiti programme is based upon a parametric approach to the
above mentioned problems in which blanket properties are studied as a
function of:

-neutron spectrum entering into the blanket
,

-blanket composition
-composition of the reflector zone placed behind the blanket.

Experimental results obtained from this programme are expected to
allow validation of calculation methods utilized for the determination of
the spatial distribution,within blanket regions,of U 38 capture rate,U235,2

238 and Pu239 ission rates and of the following spectral indexes:fU

-U238 fission /U235 fission (F8/F5)
235 insion (F9/F5)-Pu239 ission/U ff

-U238 capture /U 35 fission (C8/F5)2

Fig.1 and table 1 show,respectively,the sequence of experiments and
the elementary cells of the blanket regions.

Leakage spectra of

Q di ferent LMFBR cores
Na Uo, Na Uo. Na Na

were simulated at theo
uo, Na uo, Na 2 Na (o?)N' blanket boundary by in-

h h |
terposing spectral con-Na uo, sa uo. sa sa

version zones betweenh'sa hu0 Na uo, sa ya
2 the source reactor and

RI- Reference blanket 3;. Rlanket with cir- the blankets themselves.
with Uo,-square cular rods
rods The three conversion zo-'

nes,which te place a 60*
sector of the copper re-uo, Na no ss uo, u uo, y'
flector of Tapiro,are de

h h ~

sa no, sa uo, sa sa uo, nominated R1,R2 and-R3.
u uo, sa uo, :e,o They represente differentno, sa uo, sa met

U235 oxide fuel enrichment
sa uo, sa no, s. o s. oo?' - "'' (respectively 18,25 and

as- utai blanket 84- sp|ng[, cycle 15%) .This type of media
have spectra typical of

large fast power reactor
rig. i planket elementary ceit,



213

(fig.2). The results presented in this report have beeri obtai_core zones
ned in C2 configuration which was fed by the R1 spectral conversion re-
gion.

The composition of the latter is given in fig.3.
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Table 1 .Nefertit1:cxperimental programmq
Configu- Spectral Blanket Re fl ec t o r
ration conversion region (Voli) Na Fe 0 Na Fe 0y y3

C1
~:one

RI B1 Na/SS(50/50] uT u-
C2 R1 B2 enr.) Na enr. Na* ..

C3 R1 B3 d" '

C4 R1 B1 Na(100)
C5 R1 B4 Na/SS(50/50) Na Fe 0 Na re 023 y3
C0 R2 B1 " "

C7 R3 81 O''' " "
""I'

Na N2

Fig.3 R1 cell
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MEASUREMENT METHODS
?

Measurements of spectral indexes F8/FS,F9/F5 and C8/F5 have been
performed by activation foil detectors (table 2)and by fission chambers.

The measurements procedure for F8/F5 and F9/F5 is:
- an index is meas'ared in a reference point by flat fission microchambers.

The deposits are put in a face-to-face arrangement.
- Relative reaction rates are measured for each isotope by irradiating

foil detectors in the experimental channels.At the same time,a foil de
tector for each isotope is irradiated,being placed in the same position
(in a mock-up chamber) as the deposit of the pertinent fission chamber.

- Absolute values of reaction rate ratios are obtained by referring the
activations of the detectors in the mock-up chambers to the counts from
the fission chambers.

As far as C8/F5 is concerned,

the procedure consists in si-
Tabie 2-Detectors characteristics multaneous irradiations of de_

Detector Composition @(mm) Thickn. tectors in experimental chan-
,

nels and in a thermal flux po#
U-enr. 931 0 12.o o.1 mm
U-dep. .40% O'' 12.o 0.1 mm sition. Measurements have

1.21% Pu'40 11.7 o.2 mmPu 241 been performed radially along0.07% Pu
the neutron propagation axis,
axially at two different ra -

dial blanket penetrations and transversally in corrispondence of the cen-
tral channel.

Experimental accuracies are + 0.5% for all detectors.

CALCULATION METHODS

Neutronic library preparation for R1 and blanket media has been do-
ne by cell code Hetaire coupled with Carnaval IV data 3(25 energy groups).

Calculation for the determination of reaction rates and spectral in
dexes trends in the blanket have been performed by transport and diffu -
sion theories in two dimensional cylindrical geometry by, respectively,
Dot 3.5 and Citation codes. Transport calculations utilized S8 angular
quadrature approximation. Fig.4 shows the system scheme utilized for Dot
3.5 and Citation calculations.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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Table 3.asdial behaviour

F9/F5 F4/F5 C8/F5

Esper. cm in D T I D T I D T I.p t-T RD t-T g,,channelblanket 7-1 7% Tl T TI gIl
T

''A 2.625
g {

s 7.475 * j , I

f* j $
C 15.425

,

2 5 k -
0 10.375 .

,,...,p cpc i-pc;g n";#pc ':r,

F 28.875 k '

C 34.125 ' I

D*Dn(fusion Calculation T= Transport Calculation E*Esperience (") peed 9.636 s 10'I
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C2 CONFIGURATION RESULTS

Radial behaviour of spectral indexes

Tabic 3 shows the experiment-calculation comparisons for the in-
dexes F9/F5,F8/F5,C8/F5. The following conclusions can be drawn:
- Index F9/F5: experimental results for all the measurement points -with

the exception of the first- are slightly overpredicted (within 1%) by
transport calculations.As far as the first measurement point is concer
ned,it must te noted that it is very close to the PC 2nket interface.
Calculations are traditionally less accurate in int ace regions, and
our case is no exception. In fact,a 1.4% discrepanr is observed, the

experiment being underestimated.
- Index F8/F5:the experimental results are systematically overes timated.

The discrepancy is about 10% for most of the inner points,but decrea-
ses in the vicinity of interfaces, reaching 1.3% at the blanket-reflector
boundary.

- Index C8/F5:the experimental results are underestimated and the diffe-
rences,always below 6%, increase near the interface Ri-blanket and blan
ket-reflector.

Effects of axial leakage

i

In order to determine the effects of the asymmetry of the experimen
tal ccnfiguration,not representable in a two dimensional calculation, we
have measured U235and U238 fission rates at two different blanket penetra
tions.

The results which allowed to assess the effects of this asymmetry
are summarized in tabic 4.

The decrease of F8/F5 values at the bottom of the blanket region is
attributed to the strong thermalising effect of the reactor room floor.

Transversal behaviour

The blanket is surrounded by a boron carbide shield to minimize neu~
235 fission ratestron reflection by concrete. Calculated and measured U

at the traverse corresponding to the central channel are shown in table 5.
At the boundary the calculation-experiment deviation increases and

|

|
(

f
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this is to be accounted to calculation model. In the central zone there
is a good agreement and there-

8
Table 4- U and u fission rates: fore the 2-D model looks suita

axial behaviour ble to reproduce the system
I Channel B Channel Fg,, ) geometry.

F8 F5 F8 F5

-38.36 .234 .721 .442 .676
-28.67 .365 .804 .636 .779

' -18.93 .651 .887 .798 .893 CONCLUSIONS-13.69 .802 .927 869 .944
- 6.49 .933 .983 .971 .988

0.78 1.000 1.000 1.000 1.000
6.89 .958 .980 .996 .985

14.21 .837 .922 .915 .938 Calculation-experiment com-

32.$6 | 3 |32 |6! '.!8 Parisons show systematical dif,
42.07 .267 .625 .453 .658 ferences for all indexes.

"From system center (positive up) For F9/F5 this difference
is very small of the order of

magnitude of experimental er-
Tors.

235
Table 5- u fission rate:transversal Fof F8/F5 and C8/F5 the dif-behaviour at channel D quota

ferences are larger but still
.

Transv. cm(") Exp. calc. (E-c)/c5 acceptable considering that
'"*""'

these indexes are very sensiti
1 -41*.365 .494 .577 -14.4

i 2 -36.115 .589 .628 - 6.2 ve to spectral changes.
~~

3 -30.865 .677 .691 - 2.0 Preliminary analysis of the>

5f.36!
' discrepancies on these indexes5 . 36 829 0.8

6 -15.115 .300 .892 0.9 indicates that the contribution
$81 |8I -0$4 of the fast region of the spec,8 5.

9 0.635 1.0 1.0 ---

trum is seriously ovarestimated,

11!35 -0;3 while that of the intermediate85
1 . .

12 16.385 .891 .892 0.1 region is slightly underestimated.
13 21.635 .823 .829 - 0.7 A detailed anclysis is being
14 26.885 .747 .756 - J.2 performed, at present, in particu-

3f|38 |5 lar to assess what is the re-16 .6 8 - 9.
17 42.635 .475 .577 -17.7 Spective role of calculation

"From channel D center medods and bask nudear data.
Further experiments with

different buffer regions -
which are already planned - will be needed to validate improved calcula-
tion models, particularly for the interface regions.

i
,

. . _ .
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ANALYSIS OF BLANKET-PIN BURNUPS FOR DEPLETED-
URANIUM-REFLECTED EBR-II CONFIGURATIONS

D. Meneghetti, E. R. Ebersole, D. A. Kucera, and R. H. Rempert
Argonne National Laboratory
Argonne, Illinois, U.S.A.

ABSTRACT

Calculations and measurements of burnup and plutonium buildup are
described for EBR-II depleted-uranium blanket-pins irradiated near core
at fixed and at non-fixed locations in the EBR-II blanket.

INTRODUCTION

In the original mode of operation of EBR-II as a demonstration
sodium-cooled fast breeder reactorl and for the period through run 55 of
its use as a fast reactor irradiat.on-test facility the core cont gura-i

tions were radially-reflected by blanket subassemblies of depleted-
uranium metal pins. A rcdial blanket was retained (except during runs
25A through 29A which had the first two blanket rows replaced by steel-
containing reflector subassemblies) through run 55B corresponding to about
54,407 megawatt-days-thermal of reactor operation during 120 loading con-
figurations from August 1964 to April 1972. (Subsequently, the inner
three to four rows of blanket subassemblics were replaced by steel-
reflector subassemblies and about 142,473 megawatt-days-thermal of addi-
tional reactor operation from July 1972 through run ll6C in December 1981
have been completed.)

A blanket subassembly contains 19 pins in a normal EBR-II hex duct.
The hex duct of stainless steel has 5.82 cm (2.29 in.) flat-to-flat out-
side dimension and a wall thickness of 0.10 cm (0.040 in.). The depleted-

235 ) pins of 1.10 cm (0.433 in.) outside di-uranium (0.22 wt. percent U
ameter are sodium-bonded in stainless steel cladding of 1.25 cm (0.493
in.) outside diameter with 0.046 cm (0.018 in.) wall thickness. An un-

irradiated blanket subassembly has about 60 volume percent depleted ura-
nium, 17.6 volume percent steel, and 22.4 volume percent sodium.

Calculations and measurements of burnups and plutonium buildups in
blanket pins irradiated in both fixed and non-fixed blanket locations
near core boundaries are reported here. Burnup is defined as loss of
fissile and fertile atoms by fission divided by initial fissile and fer-
tile atoms. The results are reported in two groups. The first group

comprises pins irradiated within runs 1 through 24 and having their ir-
radiation locations unchanged during changes in core (and blanket) load-

219
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ings. The second group comprises pins irradiated within runs 29B to 46B
at various differing locations and orientations of their subassemblics as
the irradiations progressed through the various core (and blanket) load-

ing configurations.

PIN LOCATIONS AND IRRADIATION HISTORIES

The blanket subassembly locations and rotational orientations are
shown in Fig. 1 for three of the runs included in the first irradiation
group. The locations of the measured pins within their subassemblics are
also shown. Some of the changes in run-to-run core periphery are 11-
lustrated by comparison of runs 4, 12, and 22. The subassemblies con-
taining the measured pins are fixed in locations and orientations. The
run-to-run core loadings and boundaries vary. Listed in the upper por-
tion of Table 1 are the irradiation histories for these pins.

The various run-to-run locations and orientations of the subassem-
blies containing the pins of the second group are illustrated in Fig. 2.
The core loading and periphery of run 36 is shown with all the locations
and orientations of the blanket subassemblies of interest superimposed

for simplicity. In the analyses, however, the changing run-to-run load-
ings are taken explicitly into account. Listed in the lower portion of
Table 1 are the irradiction histories for these pins.

In both Figs. 1 and 2 only the first seven rows of core and blanket
subassemblies are shown. During this range of operations approximately
eight additional rows of blanket subassemblies external to those shown
were present.

MEASUREMENTS

Burnup and plutonium analyses were made on samples cut from reactor
midplane of depleted-uranium blanket pins.

Burnup analyses were made by isotope dilution mass spectrometry using
138La as the internal standard.139La as the burnup monitor with enriched

A measured quantity of the 138 a standard was added to a weighed aliquotL
of the sample solution and then lanthanum was separated chemically from
the uranium and other fission products for mass spectrometry analysis.
Burnup was determined for each sample from the mass spectromet g data and

i the effective fission yield of La (5.95%) calculated from 13'>La fis-139

2 for 238U (5.94%), 235U (6.76%) and 239Pu (5.51%), and thesion yields
respective fission rates of these materials. The accuracy of the burnup

measurements is conservatively estimated to be 13% of the reported values.

t

I
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Table 1. Irradiation Histories of the Blanket Pins

Subassembly Subassembly
Ident. (Pin Location Run Run

. No's.)a (Orientation)a In Out mwd

A701(19,.12) 6A5 (+) 1 23 11,615
A752(10) 7A3 (+) 1 22 10,925
A760(17,3) 7F4 (t) 1 24 12,245
U1049(1) 8A5 (t) 1 24 12,245
U1339(19) 9A5 (+) 1 24 12,245
U1124(10) 12E6 1 22 10,925

,
==_

- _==

A795(19) 7B3 (+) 29B 35 8,102
A795(19) 7D4 (t) 36A 40B 6,504
A794(16,12,8) 7ES (t) 29B 35 8,102
A794(16,12,8) 7B4 (t) 36A 41B 7,622
A787(3,2,10) 6C1 (t) 27H 28A 456-

A787(3,2,10) 7A5 (t) 29B 33B 5,768
A787(3,2,10) 7C4 (t) 34A 42 11,300
A897(3)c 7F6 (+) 29B 44A 19,318

A896(19) 7C5 (+) 29B 29C 229
A896(19) 6B5 (+) 30D 30E 158

! A896(19) 6C1 (+) 37 38B 2,566
A896(19) 6D4 (t) 39B 39C 600
A896(19) 7B5 (+) 40A 46B -9,430

" Pin 10 is central pin of subassembly. Pin 19 is adjacent to the
orientation-direction notch on the subassembly. Arrows show
down or up notch direction relative to the loading diagrams such
as shown in Figs. 1 and 2. <

Nominal powers. In the calculational analyses actual powers equal
to nominal values for Runs 1-29D, 94% of nominal for Runs 30A-
45B, and 96% of nominal from Run 46A are used.

Irradiated at fixed-location during irradiation of second batch.

239 , previously standardized againstA measured quantity of Pu a
Pu standard, was added to a weighedNational Bureau of Standards

aliquot of the sample solution and then plutoniun was separated chemi-
cally from the depleted uranium and fission products for isotope dilution
mass spectrometry. Both the isotopic distribution and total plutonium

production was determined for each sample from the mass spectrometry
data. The precision and accuracy of the plutonium numbers are conserva-
tively estimated to be !2% of the reported values.

|
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CALCULATIONS

Comparison of calculated values with measured values for experimen-
tal fuel elements irradiated in the EBR-II core during this range of runs
has been reported.3 The computational procedure used for that comparison
allows and compensates for changes in subassembly location and orienta-
tion. This procedure has been applied to the analysis of the present
blanket pin study.



, . . .

.. - _ . - _ _ _ _ _ _ _ _ _ _ _ - _

224

Computationally, compositional changes due to depletion and buildup
are expressed by a heavy-isotope burnup matrix. A burnup matrix can be
computed for each of the four mesh points about a pin location of in-
terest, assuming initially the unitradiated blanket-material composition.
Thematricesatthemeshpointsarecalculatedusingmultigroupfluxesfor 'he run loadings from the EBR-II archival files for this range of

(These 14-energy-group fluxes are from XY-geometry discrete-runs.
ordinate solutions, in S4 approximation, having each hexagonal-shaped
core and blanket subassembly simulated by a rectangle of four mesh points
and having each subassembly's average isotopic changes considered from
run-to-run. The cross sections used are from a 14-energy-group set 52 code Vithwhich were collapsed from a 29-group set derived using.the MC
the ENDF/B-I cross section data used for many EBR-II calculations during
those runs. They were collapsed separately for the core, inner blanket,
outer blanket, and radial . reflector regions. The lower energy values of
the groups are 2.23 MeV, 1.35 MeV, 0.821 MeV, 0.302 MeV, 0.111 MeV, 40.9
kev, 15.0 kev, 5.53 kev, 3.35 kev, 2.03 kev, 0.454 kev, 0.101 kev, 13.7
eV, and 0.683 eV. The same cross section set has been used for the in-
dividual pin depletion and buildup reported herein.) For the location of
the pins of interest the nearest four accumulated-burnup matrices, over
all runs of interest, are spatially interpolated to the positions of the
measured blanket pins.

Estimates of effects of using more recent ENDF/B libraries are sub-
sequently described.

RESULTS AND DISCUSSION

Measured and calculated values of atom percent burnup, milligrams of
plutonium per gram of original uranium, and atom percent plutonium-240 in
total plutonium are listed in the upper and low 2r parts of Table 2, re-

The blanketspectively, for the first and second groups of blanket pins.
pins within each group have not been irradiated for the same megawatt-

3 anddays; therefore, the calculated and measured values shown in-Figs.
4 have all been normalized to 15,000 megawatt-days-thermal of energy be-
fore plotting the values as functions of megawatt-day-weighted radial
distances from core center. The straight lines simply connect the points
and should not be interpreted as radial interpolation functions.

Two aspects of the correlations should be considered. First, how

does the envelope of calculated values compare in absolute value with
the envelope of measured values, i.e. , is there a general bias? Second,
how do the individual ratios of calculations and measurements vary from
pin-to-pin? If variations occur in the latter ratios then application
of a general biasing factor may not suffice for predictions of non-
measured pins in the irradiation.
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Table 2. Burnup and Plutonium in the Blanket Pins

OBurnup Pu/U Pu/Pu
(at.%) (mg/g)" (at. %)b

Subassembly
Ident. (Pin

No.) Meas. Calc. Meas. Calc. Meas. Calc.

A701(19) 0.218 0.23(1) 4.92 5.4(0) 0.36 0.27
A701(12) 0.209 0.22(4) 4.93 5.5(5) 0.38 0.28
A752(10) 0.087 0.091 3.51 3.8(3) 0.27 0.20
A760(17) 0.193 0.19(7) 4.59 5.0(5) 0.35 0.25
A760(3) 0.076 0.067 3.37 3.8(6) 0.27 0.21
U1046(1) -- 0.051 3.47 3.4(7) 0.27 0.19
U1339(19) -- 0.020 2.47 2.3(7) 0.20 0.13

jUll24(10) -- -- 0.52 0.05-- --
|

;
--- --

_ _ _

A795(19) 0.260 0.23(7) 5.32 5.7(6) 0.39 0.29
A794(16) 0.259 0.23(0) 5.58 6.2(2) 0.42 0.29
A794(12) 0.263 0.19(9) 5.80 6.0(3) 0.45 0.28
A794(8) 0.105 0.12(2) 4.94 5.7(5) 0.42 0.25
A787(3) 0.253 0.25(7) 5.80 6.8(8) 0.46 0.35
A787(2) 0.237 0.25(5) 5.74 6.8(7) 0.46 0.35

A787(10}
0.165 0.19(7) 5.24 6.4(8) 0.43 0.34

A897(3) 0.294 0.29(8) 6.30 7.2(9) 0.48 0.37
A896(19) 0.177 0.22(7) 4.13 5.3(0) 0.33 0.26

" Total plutonium relative to initial total uranium.

Atom percent Pu in the plutonium.

Using effective fission-yield of 5.95 at. % for 139 ,,t

Irradiated at fixed-location during irradiation of second batch.

In Fig. 3 the comparisons for th first group show the calculated
burnups to be within about ten percent of measured values. The plutonium-
buildup calculated values are generally larger than measured by about 15
percent in near-core subassemblics, and the calculated plutonium-240 in
plutonium about 30 percent smaller than measured.

In Fig. 4 comparisons for the second group show that the values of
calculated plutonium-240 in plutonium are again about 30% smaller than
measured and that the plutonium buildup values on the average are about
15 percent larger than measured. These exhibit some pin-to-pin varia-
tions. The burnup comparisons exhibit extremes of pin-to-pin error of
about 25 percent smaller to about 30 percent larger than measured. These

_ _ _ _ _ _ _ _
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large differences are in pin 12 of subassembly A794 and pin 19 of sub-
assembly A896, respectively. The causes (whether calculational, experi-

mental, or both) are not currently evident. The other pins of this
batch, however, are calculated within 20 percent of measured values.

The effects upon the overall bias levels of using more energy groups
and group cross sections based upon ENDF/B-III and ENDF/B-V cross section

.__ ____________________ _
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DOSIMETRY WORK AND CALCULATIONS
IN CONNECTION WITH THE IRRADIATION OF LARGE DEVICES

IN THE HIGH FLUX MATERIALS TESTING REACTOR BR2

Ch. De Raedt, L. Leenders, H. Tourws, SCK/CEN, Mol, Belgium
H. Farrar IV, Rockwell International Corporation, California, USA

INTRODUCTION

Since about fifteen years the high flux reactor BR2 is involved
in the testing of fast reactor fuel pins. In order to simulate the
fast reactor neutron environment most devices are irradiated under
cadmium screen, cutting off the thermal flux component. Extensive
neutronic calculations are performed to help the optimization of
the fuel bundle design. The actual experiments are preceded by
irradiations of their mock-ups in BR02, the zero power model of
BR2. The mock-up irradiations, supported by supplementary cal-
culations, are performed for the determination of the main neu-
tronic characteristics of the irradiation proper in BR2 and for
the determination of the corresponding operation data. At the end
of the BR2 irradiation the experimental results, such as burn-ups,
neutron fluences, helium production in the fuel pin claddings, etc.
are correlated by neutronic calculations in order to examine the
consistency of the post-irradiation results and to validate the
routine calculation procedure and cross-section data employed.

A comparison is made in this paper between neutronic calcula-
tion results and some post-irradiation data for MOL 7D, a cadmium
screened sodium cooled loop containing a nineteen fuel pin bundle.

THE MOL 7D LOOP

The MOL 7D loop (fig. 1) was irradiated in BR2 from June 1975
till October 1976. It contained 19 sodium cooled UO -Pu02 fuel2
pins (with Pu/(U+Pu) as 30 % and 235U/U as 83 %). The fuel pin clad-
dings, with integral fins, were made of WN 4988 stainless steel.
The fuel pin bundle was contained in a hexagonal AISI-316 stainless
steel " wrapper tube" at the outer side of which vertical grooves
had been machined. In these grooves thermocoup1's as well as - in
one groove - a large number of neutron dosimeters und helium fluence
monitors were located. As shown on the figure, the fuel pin bunt.'e
was further surrounded by pressure tubes, by a cadmium screen and
by six small " driver" fuel elements located in a large cylindrical

229
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aluminium plug, the whole occupying the central channel H1 of BR2.
The burn-up reached in the fuel pins amounted to about 75 000 mwd /t
UO -Pu0 *2 2

EXPERIMENTAL TECHNIQUES EMPLOYED FOR THE CHARACTERIZATION OF THE
MOL 7D IRRADIATION

The dosimetry techniques applied in general to loops irra-

diated in BR2 are described in [1]. In the case of MOL 7D a
special feature was the presence of a large number of neutron dosi-
meters, helium accumulation fluence monitors (HAFM's) and stainlees
steel samples - 58 in total - located in a stainless steel micro-
tube in one of the grooves of the wrapper tube, as mentioned above.
After the irradiation the activation of the dosimeters was counted
at SCK/CEN while helium production measurements were performed at
Rockwell International utilizing the technique described in [2] .

The main SCK/CEN dosimetry results concern :
- the 54Fe(n,p)S4Mn reaction in the dosimeters of the wrapper tube
and in the pin cladding samples

- the 59Co (n ,y )60Co reaction in the dosimeters of the wrapper tube
and in the pin cladding samples (as impurity in the claddings).
Special 1 % Co/V alloys were developed by EURATOM, Geel, in order
to resist the high irradiation temperature

235 (n f), 239Pu(n,f), 238 (n,f) and 237Np(n f) reactions inU U- the

the wrapper tube (by measuring the 1370s activity and taking into
account the fission yields recommended in [3], when available ).
All fission dosimeters were made of well-characterized materials
containing minimum amounts of impurities and were encapsulated in
vanadiumaccordingtothetechnologydescribedin[4]. These
dosimeters were supplied by HEDL.

The cladding samples considered pertain to the pins shaded black on
fig. 1. They consist of small rings (1 mm thick) cut at various
axial levels.

The Rockwell International dosimetry results concern :

6Li of the natural boron and- the helium production in the 10B and
6LiF dosimeters (HAFM's)

- the helium production in the claddings (samples also pertaining
{ to the pins shaded black on fig. 1). Moreover the boron content

of the WN 4988 stainless steel used for the cladding was measured
(4.0 weight ppm) after the irradiation of a sample in a nearly
pure thermal neutron flux.
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Gamma spectrometry results were obtained by measuring the
fission and the activation products accumulated in the pins during
the irradiation (these measurements are noted NDT, non-destructive
testing, in the tables).

Seven luel pins were available in the BR2 hot-cells for the

non-destructive gamma spectrometry analysis as indicated in fig. 1
At the time of the analysis (about five years af ter the irradiadon),
the following isotopes were detected with a significant precision :

as_ fission, products : 106Rh, fissions in plutonium
13 Cs, burn-up x $t-

137Cs, burn-up-

_ 154Eu, complex formation.
134106Rh and Eu are relatively stable within the fuel, while 134Cs

and 137Cs are volatile and migrate during irradiation. The 137Cs
activities, when integrated over the whole length of the fuel pins,
remain nevertheless representative of the fissions in these pins,
as will appear in table 2.

54Mn, fast neutron flux_a_s__a_c _t _i v_a_t _i o_n_p ro_d _u_c_t _s :_ _ __ _

Co, epithermal neutron flux.

These measurements give axial distributions along the fuel pins
as well as pin to pin distributions. When adequate standards are
used for calibration, absolute values of given parameters can be
obtained. Techniquesandfeaturesaredetailedin[5]. One of the
objectives of the present work was to validate these non-destructive
techniques.

CALCULATION METHODS EMPLOYED FOR THE CORRELATION OF THE EXPERIMENTAL
RESULTS IN THE MOL 7D IRRADIATION

The calculation methods employed for the analysis of the MOL 7D
irradiation were the same as those applied to the MFBS VI loop as
describedin[6]. The basic code used to determine the neutron
fieldwastheone-dimensionalneutrontransportcodeDTF_IV[7],
containing several improvements made at SCK/CEN and flanked by
preprocessing and postprocessing routines, the whole called the

| MULCOS code system. This system is used together with a 40 energy
| group cross-section library, including self-shielding factors (ABBN

| formalism), elaborated at SCK/CEN for the study of coupled fast -
| thermal systems. In all the calculations the geometrical data of
j the experimental device were detailed as carefully as possible.

.
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The intermediate and the outer annuli of fuel pins in the bundle
were homogenized (fuel + cladding + coolant) taking into account
the energy dependent local flux depressions, the' resonance self-
shieldings and the finite array character of these fuel pins, as
explainedin[8].

.

For the nucHdes used as detectors, the ENDF/B V dosimetry file
was used,-reduced to the 40 energy group scheme of the SCK/CEN li-
brary and with an extension of 4 supplementary groups between

;

10 5 MeV and 20 MeV for the high energy detectors (the 40 energy
I group flux chart was prolonged beyond 10 5 MeV by a fission

spectrum). For the helium production by threshold (n,a) reactions,
thedatagivenin[9]wereutilized.

EXPERIMENTAL RESULTS OBTAINED FOR THE MOL 7D IRRADIATION.
COMPARISON WITH CALCULATIONS

Two features of the MOL 7D experiment have first to be pointed
out : the shape of the neutron spectrum and the high value of the
burn-up. In the neutron spectrum, the epithermal part is important;
most of the fissions occur in the resonance energy range and, from
the dosimetry point of view, the significance of some measured data
is not easy to assess accurately. This is the case for fission
product measurements in highly burnt 238U and 237Np dosimeters.
Helium production in pin cladding samples is also difficult to
analyse by reason of the simultaneous contribution o epithermall

and fast neutrons.

Four types of results are considered in this paper :

- quantities measured in and calculated for the dosimeters located
on the wrapper tube : the values are given in table 1 in absolute
units. For the calculations, the flux chart was normalized by
equalizing the calculated 232U fission rate to the experimental
one, taking into account in the calculation the burn-up of the
dosimeters during the irradiation (2 55 x 107s equivalent at
full power). This normalization leads to a total neutron fluence

2
22nfcm

corresponding to a total neutron flux ofof 2.17 x 10
8 51 x 1014 n/cm s. Once normalized, the calculated flux chart

',
was kept as such for all reaction rate calculations.

137 s activity measurements in the fissileCThe analysis of the
dosimeters does not include correction for the burn-up of the
dosimeters themselves. As for 233U, the burn-up effect in 239Pu,
238U and 237NpisincludedinthefissionratecalculatiogU This.

correction is straightforward for 235U and 239Pu. For 23 , neu-
tron capture in 230U and subsequent fission in 239Pu are pre-
dominant whereas 237Np is partially transformed into 238Np, 238pu

. - - - - _- ,- - - _ _ _ . - ,
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and, to a smaller extent into 239Pu, all fissionable by low
energy neutrons. The 13 Cs yields used in the experimental de-
termination of the fission rates in the 238U and 237Np dosimeters
were respectively 0.0676 + 0.0024 (3 5 %) and 0.0650 + 0.0065

~

(+ 10 %), i.e. the yields for 239Pu and 237Np respectIvely, but
with an uncertainty margin increased to take into account the

influence of the other isotopes. 6
The helium production in 10B and Li was also calculated taking
into account the burn-up of the targets, for direct comparison
with the measured values.
The calculations are valid for the horizontal plane at about the,

maximum of the axial distribution. The axial distribution mea-
59 o(n,y)60Co was used to convert experimental datasured with C

obtained at other levels.

- radial distributions over the fuel pin bundle of the fissions in

the fuel gFe(n,p)S4 n reaction rates in the claddings areand of the 59Co(n,y )60Co
ins, of the helium production,

and the 5 M given
in tab?.e 2, normalized for each reaction type to an average;

i valv. of 1.00 over all fuel pins.
i

- fuel pin bundle averaged absolute values of the helium production
in the claddings and of the 59Co(n,y)60 o and the 54Fe(n,p)54MnC

{ reaction rates in the claddings are given in table 3

- radial distributions over the fuel pin bundle and the wrapper
tube are shown on fig. 2, with all distributions normalized to
1.00 in the wrapper tube. Fig. 2 also contains the measured and
calculated distributions determined for the mock-up of MOL 7D in
BR02 (the zero-power nuclear model of BR2) before the irradiation
proper and presented in [1].

DISCUSSION OF THE RESULTS

Discussion of table 1

- An overall examination of the C/M values in table 1 indicates
firstasatisfactoryggreementwithintheerrormarginsfor235g, 239Pu, 10B and Li with respect to each other, and the,

! reliability of the calculation of the low energy tail, more
particularly around the cadmium cut-off. This is confirmed by

g gvious measurements in BR02 Secondly, the responses of the
U, 237Np and 59Co dosimeters appear to be not consistent ac-

cording to the calculation which overestimates these responses
! predominantly sensitive to epithermal (resonance) neutrona (see

below). Finally, there is a general trend in the calculation to

.
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underestimate by about 10 to 15 % the fast flux as measured with
threshold reactions such as 54Fe(n,p) with respect to the low
energy flux. This is confirmed by the C/M values'in table 3

- The theoretical analysis of the response of the 238U and 237Np
de imeters gives the following results.
23gU dosimeters are due for about 10 % only to fastThefissionsgnthe23 U fissions

fissions in 239Pu. The 239Pu producing
andforabout90%tgUishenceofcapitalimportance.(n,y ) reaction in 23 An ex-

planationofthediscrepancyinC/McouldbetgUinthefuelat narrow dips in
the neutron spectrum due to the presence of 23
pins are not well represented in the calculation, mainly at the
238 (n,y) resonance energies. An investigation of this problemU

238 (n,y) measurements in BR02. Concerningis planned through U

the fission rate in the 237Np dosimeters, the fissions occur,
according to the calculation, for 41 % in 237Np (fast energy
domain), for 1 % in 238Np (thermal + epithermal energy domain),
for 36 % in 23 Pu (thermal + epithermal energy domain) and for
4 % in 239Pu (thermal + epithermal energy domain); the formation
chains of the fissile nuclides become longer and longer and
moreover the cross-sections used are known with less precision
(five-groupcross-sections [10])thanthoseusedformostofthe
other reactions considered in this paper.

From what precedes it may be concluded that the 238U and 237Np
fissile dosimeters do not detect mainly fissions in the fast
energy domain in an experiment such as MOL 7D and also that the
interpretation of their results is not easy.*

59Co (n ,y )60Co reaction rate is about 20 % higher in the cal-- The
culations than measured. The 132 eV resonance (in an energy
group contributing for 76 % to the whole) is probably unsuffi-
ciently shielded in the spectrum calculations.

Discussion of table 2

A very good consistency exists between the different techni-
ques used to determine relative fission density distributions
across the bundle. BR02 results have been added for comparison
[1); from these results, it was expected to obtain very similar
distributions from 137Cs measurements (U and Pu fissions) and
from 106Rh measurements (Pu fissions). The validity of the pro-

137 s activity over the lengthcedure applied for integrating the C

of the pin must be emphasized. Fig. 3 shows clearly the effect of
Cs migration and deposition at particular locations, depending on
temperature variations (peaking at the extremities of the fuel
column) or gaps between pellets (corresponding to narrow dips
in the 106Rh distribution).
* Note that in the 239Pu dosimeter 93 8 % of the calculated fissions
occur in 239Pu, 0.2 % in 240Pu and 6.0 % in 241Pu.
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The radial distributions measured for helium, 60Co and 5NMn
agree in general with the calculations (the experimental errors are
of pure statistical nature as the values are relative). The low
value of the helium content and of the 60Co activity (DT confirms
the NDT results in this case) in the central pin cannot be explained
at present.

Discussion of table 3

Considering first the 54Fe(n p)54Mn reaction rate, it is ob-
served that C/M (DT) = 0.87, just as in table 1. This means that
the measurements of the Fe dosimeters located on the wrapper tube
are fully consistent with the measurements of the cladding samples.
This is illustrated in fig. 2 where the curves 54Fe(n.p) and
115 n(n.n') - the latter obtained in BR02 - agree with each otherI

and are supported by the calculations.
The discrepancies C/M (DT) = 0.87 and C/M (NDT) = 0.81 suggest an
underestimation of the fast flux component in the calculations.
It must be remembered that the calculations are normalized on the
235U fission rate measured on the wrapper tube (10 = 7 %), which
itself agrees with the helium production in 10B (10 = 3 %). This
latter is a good reference, as well for the measurements as for
the calculations.

The second series of results in table 3, the helium production
measurements in the steel of the pin claddings, confirms this ten-
dency. An important fraction of the helium production (77 %) is
indeed due to the fast neutrons. The remaining discrepancy in
C/M = 0 74 could be attributed to the fission spectrum averaged
cross-sections for helium production in Fe, Cr, Ni and N used
in the calculations. The nitrogen concentration, 710 ppa according
to the fabrication certificate, is another source of uncertainty
which requires further analysis. As to the boron concentration,
as mentioned before, it was measured by Rockwell International
with a sufficient accuracy for the present application :
4.0 + 0 3 ppm; the resulting uncertainty is only 1 to 2 %.

Finally, the agreement of the DT and the NDT measurements of
54Fe(n p)S4Mn appears satisfactory : gamma scanning of entire fuel
pins can provide the fast fluence on the cladding with an accuracy
certainly better than 10 %.

,

CONCLUSIONS

The appraisal of the consistency of dosimetry results on the
basis of detailed calculations is essential to assess the signifi-
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cance and the reliability of experimental results in the analysis
of experiments such as MOL 7D. Simple unfolding procedure is not
applicable for different reasons :

- important space dependence, specially for the fission rates from
the dosimeter position to the fuel pins, and therefore necessity
to measure on fuel pin materials

- presence of multiple reactions in these fuel pin materials and
also in some dosimeters (2380, 237Np), enhanced by the high
burn-up.

The validity of the calculation, as to its ability to produce
reliable spatial variation of reaction rates and flux spectra, is
tested with the aid of BRO 2 results. Further measurements are
still necessary at present to clarify some discrepancies.

Taking into account the underestimation of the high to low
energy flux ratio in the calculation, it is then expected to reach
a global consistency of + 10 %. The results presented in the pre-
sent paper have to be completed by the analysis of the fuel burn-up
data obtained from radiochemical measurements.
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Table 1. Dosimetry results in the wrapper tube

***"
Calculated RemarksQuantity considered , g)

Fission rate in the 235U I')6 50 + 7 % 6 50 1.00
dosim. (10-9s-1) norma--

lization

Fission rate in the 239Pu 9 40 + 4 % 10 59 1 13 (1)
dosim. (10-9s-1) -

Fission rate in the 238U 4.62 + 5 % 7 74 1.68 (1),

dosim. (10-1 s-1) -

Fission rate i t 237xp
7 42 + 10 % 8.69 1 17 (2)

dosis. (10- a )

He roduction in Bnat dosim. g
[ He]/[10 ], (103 appm)Bf -

6LiF dosim.He production in

[4He]/[6Li]o (19 appm) 241 + 3 % 230 0 95 (3)_

59Co(n,y )60co reaction rate,
burn-up corrected 1 51 + 2 % 1.83 1.21
(10-9 -1)

-

s

SbFe(n.p)5NMn reaction rate
: (30-11,-1) 1 96 ,+ 3 % 1 70 0.87

,

! (1) in the calculations, spectrum averaged of and c values of 235Ua
and 239Pu taken from the SCK/CEN 40-group library were adopted,'

of but not c being present in the ENDF/B V dosimetry file.1 a

(2)inthecagNpandculationsg the spectrum averaged of and o, values of237Np, 23 23ePu were calculated with the aid of the
5-grouplibrary[10].

(3) the total uncertainty includes the uncertainty on the He mea-
surements and the uncertainty on the axial flux distribution
utilized to reduce the experimental results to the maximum flux
plane.

_ _ _ _ - _ . _ _ -. - _ - .- . .
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Table 2. Fission, helium production, 59Co reaction and 54Fe
reaction distributions over the fuel pin bundle.
Each row of data is normalized to a bundle-averaged
value equal to 1.00

Pin position Interme-CWd Outer pin
diate

Quantity considere7 pin
pin Side Corner Average

Fissions in the fuel
pin bundle 0 79+0.01 0.86+0.01 1.05+0.01 1.12+0.01 (1.08)
measured (137 s)NDT

~ ~

C
J

Pu fissions in the
fuel pin bundle 0 79+0.01 0.85~+0.01 1.05+0.01 1 13~+0.01 (1.09)
measured (106Rh)NDT

~ ~

Fissions in the fuel
pin bundle measured 0.81+0.01 0.87+0.01 1 04+0.01 1 12+0.01 (1 08)
inBR02 mock-up(1)

~ ~ ~~

He production in the
! fuel pin claddings

measured (DT) 0 90_+0.01 1 00+0.01 1.02+0.01 1.00+0.01 (1 01)
calculated 1.00 1.00 1 00

59co(n,y )60co
reaction rate in the,

fuel pin claddings

|I:"";"mpts%) o-nzo m o 51o m 'em 'em o*d
a

d

8"}D 0.4110.02 0 931 03 1.06 0.03 1 111 03 (1 09)0 1 0

calculated 0.84 0.89 1 07

54Fe(n.p)S4Mn
reaction rate in the
fuel pin claddings

*?asured on clad- 1.06+0.02 1. 03 + 0. 02 1.00+0.02 0 96+0.02 (0 98)ding samples (DT) - - - -

su d n fuel
1.06+0.03 1.07+0.02 0 98+0.02 0 931 02 (0 96)09

calculated 1.07 1.05 0 97

a
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!
.

I 59Co(n,y )60Co reaction rate, helium production andTable 3
54Fe(n,p)5bMn reaction rate in the fuel pin claddings
(bundle averaged values)

|

Measured on Measured on
cladding entire pins C C

Quantity considered samples Calculated
M(DT) M(NDT)

DT NDT

(+ 10 in %) (1 10 in %)

59 o(n,y )60coC;
i reaccion rate 1 18 * + 3 % 1 25 1.06- -

(10-9s-1)
~

1

He production in
| the claddings 11 79 1 2 % 8.76** o.74 --

(appm)

54 ,(,,p)54 ,7 g
reaction rate 23913% 2 57 13% 2.09 0.87 0.81
(qo-11 -1)| s

!

* the strong dip measured in the central pin was not taken into
account.

!

threshold reactions in all constituents except N : 5 28 appm**

i threshold reactions in N : 1 58 appe
10B reaction : 1 71 appa

5oNi(n,y )59Ni(n,a) : 0.19 appm.
; two-step nickel reaction :

|

|

t

i

J

4

i

-- - _ _ _ , - _ _ , _ . - - _ _ _ ___
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Fig. 1. Cross-section of the central channel H1 of BR2 containing
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FFTF REACTOR CHARACTERIZATION PROGRAM REVIEW

J. A. Rawlins, J. W. Daughtry and R. A. Bennett
Hanford Engineering Development Laboratory

Richland, Washington, USA

ABSTRACT

Thie report summarizes the status of the Reactor Char-
acterization Program being conducted at the Fast Flux Test
Facility, a 400 MWth sodium-cooled fast reactor designed to
test fuels and materials for the United States' Liquid Metal
Fast Breeder Reactor Program. The program status is dis-
cussed in three parts. (1) A series of calibration experi-
ments was conducted in a dry, in-reactor thimble located near
the center of the reactor. As a result of the calibration
measurements, goal accuracies can be met for follow-on de-
tailed neutronic characterization. Quantities of interest
include fissionable nuclei fission and capture rates, non-
fission reaction rates, neutron flux spectra, power distri-
bution and burnup. (2) Ten characterizer assemblies were
irradiated for eight days at full power; test assembly
handling has been completed. Test fuel pins and dosimeters
from the full power irradiation are undergoing laboratory
analysis. Three characterizer assemblies were irradiated
at 1% power for one day; test fuel pins and dosimeters are
being examined. Current expectations are that all Phase 2
goal accuracies will be met. (3) Follow-on characterization
planning is under way.

INTRODUCTION

The Fast Flux Test Facility (FFTF), a 400 MW thermal sodium-cooled
fast test reactor, is located at the Hanford Engineering Development Lab-
oratory (HEDL) near Richland, Washington and operated for the U.S. De-
partment of Energy (DOE) by the Westinghouse Hanford Company. The pur-
pose of the FFTF is to tesc fuels, materials and components to support
the Liquid Metal Fast Breeder Reactor (LMFBR) program in the United
States. The FFTF Reactor Characterization Program (RCP)l,2 was estab-
lished to provide high quality nautronic, gamma ray and thermal hydraul-
ic data to FFTF experimenters, to provide a basis for adjustment of cal-
culational tools used for FFTF analysis and to provide benchmark data
for the U.S. LMFBR Program.

245
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The philosophy of the FFIF RCP is to conduct three phases of char-
acterization:

Phase 1. A series of experiments to verify techniques to be used j

for routine neutron dosimetry, and to determine neutron '

and gamma ray characteristics that could only be mea-
sured prior to any power operation. The Phase 1 mea-
surements were conducted in a special in-reactor thimble.

Phase 2. Two irradiations of prototypic characterizer assemblies
containing a variety of dosimeters; these two irradia-
tions were to be conducted prior to cycle ene of routine
operation. Ten characterizers were irradiated for efa:t
days at full power, and three characterizers were irradi-
ated at 1% power for 24 hours.

Phase 3. Ongoing characterization, co be achieved by piggybacking
other exper.iments and by reirradiation of the character-
izer assemblies used in Phase 2.

The first two irradiation phases have been completed and disassembly of
the characterizer assemblies was completed. Test pin and dosimeter ex-
aminations are in progress.

The purpose of this report is to summarize the status of the neu-
tronics portion of the FFTF RCP and to present some of the results ob-
tained in the first phase of characterization. Although some details
of the RCP plan have changed, the basic physics plans for the neutronics
experiments are still as described in Reference 3. Gamma ray charac-
terization measurements have been described in Reference 4 and will not
be discussed here.

PHASE ONE EXPERIMENTS

The Phase one experiments were inserted into the reactor by hanging
themfromthereactorgeadinsidea14-meter-long, dry, cooled,in-
reactor thimble (IRT). Since the fuel assemblies are supported from

the bottom, and the experiments were hung from the top, there is an un-
certainty of about il em in the location of any experiment relative to
the fuel col _umn in surrounding assemblies. The IRT was located near
the center of the core. Figure 1 shows the core map for the IRT ir-
radiations. There are two fuel enrichment zones in the FFTF: the first

four rows of fuel comprise the inner zone and the next two rows make up
the outer zone. There are three rows of reficctor elements. For pur-

poses of discussion, the IRT neutronics measurements will be discussed
in two categories: (1) fission rate experiments, and (2) neutron
spectrum measurements.

- - _ _ _ - _ _ - - . - -
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Figure 1. FFTF Core Map With IRT Location.4

Fission Rate Measurements

Two different kinds of IRT fission rate measurements were performed:i

(1) detailed axial isotopic fission rate distributions measured with min-
iature traversable fission chambers, and (2) active and passive fission
rate measurements in modified National Bureau of Standards (NBS) absolute
fission chambers. The intent of the first kind of measurement was to
measure axial fission rate distributions in an environment resembling a

, fuel test in the FFTP for comparison with calculation. The purpose of
I the second set of experiments was to validate the use of vanadium-

encapsulated, oxide wire and powder dosimeters in Phases 2 and 3 of the
characterization program. Fission rate measurements using absolute fis-
sion chambers included the following:,

1. Absolute fission rates using NBS deposits and electronic pulse"

counting.
2. Irradiation of high purity, fissionable foils of four isotopes

in dummy fission chambers, and subsequent detection of fission
product gamma rays with a calibrated counting system.

3. Irradiation of prototypic vanadium-encapsulated fissionable
dosimeters and subsequent fission product gemma ray detection
on calibrated counting systems,

l
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Traversable Fission Chamber Experiment

The detailed fission ret.e axial profiles werd measured by' travers-

midplane to approximately 1 meter above core midplane.ger below core
ing miniature fission chambers from approximately 1 me

The traversing,

chambers were surrounded by a can of frozen sodium to simulate the nu-'

cicar environment of a fuel test in the FFTF. Figure 2 shows the re-
ass

sults for 3'Pu, which is typical of the curves obtained for 23sg
iss ,U241

!.
and Pu. Figure 3 shows the fission rate profile measured for U

232 240which closely resembles the curves for Th and Pu. The fission

i rate profiles are similar to those measured in the FFIF Engineering
Mockup Critical (EMC) . The fissile isotope curvas measured in the FFTF

|
and the EMC measured data were also used to help establish the location

| of IRT experiments relative to the fuel in adjacent'essemblies. The
smooth curves in Figures 2 and 3 were calculated from a three-dimensional;

diffusion theory reactor calculation using 12 neutron energy groups and
ENDF/B-III cross sections; the curves were preexperiment calculations

i
and were used to judge the validity of the data when they were,being
taken. More extensive calculations using ENDF/B-57 cross sections are -'

in progress. The discrepancies between measurements and precalculation-
al results are similar to those observed for the FFTF EMC.
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Figure 3. U Fission Rate Profile.

Absolute Fission Chamber Experiment

To validate the radiometric method of fission rate measurements
used during Phases 2 and 3 characterization, a series of experiments was
performed in the IRT using modified NBS absolute fission chambers 8 as a
basis. In each experiment, fission rates were measured at core midplane
and at 54 cm above core midplane in the region of the FFTF upper axial
reflector. A monitor absolute fission chamber with 23s Pu deposits was
located 37.5 cm below midplane for all measurements.

The absolute fission chamber experiments determined the ratto of
232isotopic fission rates at two locations for the isotopes Th, 23sU,

ass , 23s , 237Np, assPu, 240Pu and Pu. Tables 1 and 2 show the re-U U 24

sults and uncertainties obtained for the fission rates relative to the
239Pu fission rate at each location. The different irradiations were

| normalized to each other using the same monitor absolute chamber with
! two 23'Pu deposits.
l

i

l
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Table 1. Core Midplane Absolute Fission Rate Ratios

Isotope Fission Rate /239Pu Fission Rate

232Th 0.00556 (i2.7%)
assU 1.513 (11.7%)
2ssU 1.038 (11.1%)
2ssU 0.0227 (11.6%)
237Np 0.1828 (11.3%)
239 Pu 1.0
24cPu 0.2018 (11.4%)
24 Pu 1.36 (t2.7%)

Table 2. Upper Axial Reflector Absolute Fission Rate
Ratios

Isotope Fission Rate /239Pu Fission Rate

as2Th 0.00145 (14.3%)
2ssg 1.513 ( 1.7%)
2ssU 1.015 (11.1%)
2sog 0.00598 (13.4%)
237pp 0.0604 ( 3.3%)
239Pu 1.0
24o Pu 0.0761 (13. 's.)
241 Pu 1.50 ( 2.7%)

liigh Purity Foil Irradiation

9The second fission rate measurement utilized the same experiment
insert to eliminate relative positioning errors. High purity fission

238foils 10 og 239Pu, 235U, 237Np and U were loaded into dummy fission

chambers along with solid state track recorde:.1 (SSTR) and were irradi-
ated for two hours at approximately 100 kW re.;r.cor power. Multiple
foils were loaded into the chambers. One foil of each set was counted
eight times at IIEDL; the remaining foils were counted by other labora-
tories for comparison. Thirty-two gamma rays from 13 fission products
were analyzed. The gamma ray counting system was calibrated to approx-
imately 1% with NBS absolute gamma ray standards. Evaluated gamma ray
branching intensities, ENDF/B-V cumulative fission product yields and
theexperimentaldatawerecginedintheFERRETgeneralizedleast-to obtain adjusted values for the branch-squares data adjustment code
ing intensities and cumulative fission product yields, as well as a
bias factor for each foil at each location.
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Table 3 lists the fission products and gamma rays studied for the |
IRT foil irradiation and the initial and final uncertainty and percent
adjustment for the gamma ray branching intensities. With the exception

is2 333of the Te gamma rays at 954 and 1399 kev and the I gansna ray at
875 kev, branching intensity adjustments were within the initial uncer- |

tainty. Tables 4, 5, 6 and 7, list the cumulative fission product yield
initial and final uncertainties, and the percent adjustments, for the
samples at core midplane (CMP) and in the upper axial reflector (UAR)
region (54 cm above midplane). Initial yields and uncertainties are
from ENDF/B-V, and it was assumed in the FERRET analysis that the a
priori yield for CMP and UAR locations was the same; the adjusted yield |

iwas not constrained to be location independent. The only case of a
188{ieldadjustmentoutsidetheinitialuncertaintieswasfor Ru in the

35U upper axial reflector foil, which implies a possible neutron energy
dependence in the cumulative fission product yield. This is not unrea-
sonable, since mass 106 lies on the high side of the first maximum in
the mass-yield curve for 23sU. Table 8 lists the bian factor for each

237foil. For the CMP foils, only the Np exhibits a possible bias.
Both UAR foils show a bias significantly less than unity; the UAR bias
for the fissile isotopes in the UAR was interpreted as a neutron self-
shielding effect and was expected. The neutron energy response for
23s 23sU and Pu at CMP is primarily above the isolated resonance region
in neutron energy, whereas the UAR response function is mostly in the
isolated resonance region.

As a result of the analysis of the high purity foil irradiation,
it was concluded that the counting system calibration contained no mea-
surable bias, and the branching intensity and cumulative fission product
yield adjusted data provide a consistent data set. The adjusted branch-
ing intensities, yields and covariance data for the four foil isotopes
were used in the follow-on analysis of prototypic vanadium-encapsulated,
high temperature fission dosimeters.

|
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Table 3. Branching Intensity Adjustments

FISSN)st GAMMA INITIAL FINAL PERCENT

EEQDjlGI EftlagI UNCE RT AINTY UNCE RT AINTY ADJUSTMENT

962 724 11 .gg .00

ny 1e .e4 . 02
7eg .83 .03 00

97 , ens .3 .30 . 832
743 .30 .25 .08

88Me tot 93 29 37
73e 03 1.7 43

183Ru 407 33 1.4 .5

148mm 512 29 L7 +.27

832 59 20 40

1310 m 15 15 *

M4 14 1.1 .47

837 15 1.3 .43

IN e 238 91 2.1 . 03T

FF3 24 14 20
954 33 14 43

1380 42 18 43

133, 530 20 1.1 20
83 2.1 1.3 5.1

1350 22 2.2 .08

15g 1132 34 10 . 40
1M8 34 1.7 1.7
1457 33 2.2 1.2

137 e 802 .30 40 .06C

140s. 329 13. 1.7 34
=7

7,.e
1.s .i.i

ties . .10 _ , , ,

537 38 1.4 1.3

143 e 293 12, 14 ,1 gC
at is. Is 1.1

1**C. 1m 2e 20 . 1,

ses 30 1. 2.

235Table 4. U Fission Product Yield Adjustments

CORE PIDFIM E UFFER AXIAL REFLECTOR

FISSION INITIAL FINAL PERCENT FINAL PERCENT

PRODUCT W19LRTAINTY WNCERTAINTY ADJUSTMENT UNCERTAINTV ADJUSTMENT

SEZr 14 1.2 .41 1.2 .50

97Zr 14 1.2 . 33 1.2 1.1

SOMo 2.0 10 1.1 1.7 .32

103Ru 14 1.3 . 04 1.3 . 19

10SRu 40 30 15 25 49

1J11 10 10 .01 10 ..it

132To 14 1.2 1.3 12 . 88

1331 14 1.2 11 12 .77

1354 20 17 . 50 14 1.5

137Ce .73 .M .03 .M .05

140se .M .70 .04 .70 .23

143Ce to .50 .01 .50 .04

144Ce 1.0 1.0 .13 10 64

.
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'Pu Fission Product Yield AdjustmentsTable 5.

CI)u MIDP1AME TIPPER AI!AL REFLECTOR
FIFSION INITIAL FINAL PERCENT FINAL PERCENTj

. PRODug UNCE RT AINTY UNCERTAINTY ACJUSTMENT UNCE RTAINTY ADJUSTMENT

962r 20 15 . 27 14 1.1

972r 14 1.2 . 03 12 . 10.

00Me 20 20 .31 2.1 . 33

103Ru 14 13 04 1.3 .00

100Ru 14 1.3 .01 1.3 .45

1311 14 1.3 .5 13 .75

13 rte 2.0 2.0 -24 1.7 . 03

1336 14 1.3 1.2 12 .73

130d 2.0 2.1 .00 20 . 30

137Ca 1.4 14 .01 13 .001

1400e 14 1.3 . 33 1.2 . 00

143Ce 10 1.0 . 01 10 . 23

144C. ie i0 ..Si t0 . 23

Table 6. U Fission Product Yield Adjustments

Co n MIDFLAist
FISEION INITIAL FINAL PERCENT
PRODUCT UNCE RTAINTY UNCERTAINTY ADJUSTMENT

952r 14 1.2 40

072r 2.0 10 . 35

SOMe 20 2.3 70

103Ru 1.4 1.3 .21

100Ru e0 48 20

1314 14 1.3 . 63

13 rte 20 20 10

1331 20 1.7 11

1356 20 2& 1.1

137Ce 10 10 .00

14ces 10 .30 .31

143Ce 20 10 . 14

144Ce 20 20 . 17 ;

1

.

. . .
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Table 7. Np Fission Product Yield Adjustments

Cong MIDrtm E

FISSION INITIAL FINAL PERCENT

PRODVCT W3 CERTAINTY UNcanTAaNTY ADJUSTMENT _

SStr 20 2.3 . 41

972r 28 2.0 10

90Ano 40 40 -

ISBRu 23 2.3 . 40

100Au 11. 11. -

1316 2.0 2.4 2.2

13rfe 40 2.4 .00

1331 2.0 1.7 24

tal 80 3e .00

127Ce 28 2.7 .18

140Se 2.0 14 .72

143Ce 4.0 20 .56

SWe 20 20 -

Table 8. High Purity Foil Neutron Self-Shielding Factors

SELF-SHIELDING
FACTOR

Pu-239 CMP 1.0026 (i .96%)
U-235 CMP 1.0044 ( .69%)
U-238 CMP 1.0022 ( .91%)
Np-237 CMP 1.0160 (tl.40%)
Pu-239 UAR .8408 (i .66%)
U-235 UAR .9175 ( .48%)

Prototypic Dosimeter Irradiation

9bro prototypic sets of fissionable dosimeters were irradiated for
four hours in dummy absolute fission chambers along with SSTR in the
IRT at CMP and UAR locations at a power level of approximately 200 kW.
The prototypic dosimeters were oxide wire- or powder-encapsulated in
vanadium. Due to expected neutron self-shielding effects in the 100%
oxide wire and powder dosimeters in regions outside the fuel, wires
were also fabricated with a mass dilution of approximately 1%. The
dosimeters were counted at least three times each on several calibrated
counting systems, and many counts were made with the dosimeter close to
the detector front face. Consequently, the calibration uncertainty for
much of the data was larger than was the case for the-foil experiment.
All fissionable isotopes studied with the absolute fission chambers were
studied in the prototypic dosimeter experiment. Table 9 lists the cumu-
lative fission product yield adjustments made in the FERRET analysis for
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three fission products expected to be used in most Phases 2 and 3 radio-
metric dosimetry work. No fission product yield was adjusted by an
amount greater than the initial ENDF/B-V uncertainty, and some signifi-
cant reductions in uncertainty are evident in Table 9. Ca=na ray
branching intensities were essentially unchanged as a result of the
FERRET analysis. Table 10 lists the bias factors obtained for the pro-
totypic dosimeters studied; the bias factors were interpreted as a com-
bination of neutron self-shielding and composition effects. For example,
the bias for 239 Pu at CMP is 0.993 (11.9%), where no neutron self-
shiciding is expected; in the UAR, the bias for 23sPu is 0.919 ( 1.7%),
whereaneutronself-shielding 85effect on the order of 10-20% was expec-ted. On the other hand, the U 1% sampics indicated a bias greater
than unity for both locations, and no neutron self-shielding was expec-
ted for either location for dilute dosimeters. Therefore it appears
that a composition bias should be assigned to the 235 U 1% dosimeters of
approximately 1.05 (12.5%). In summary, the composition biases were in-
corporated into the dosimeter data flies for analysis of Phase 2 dosim-
etry, and the adjusted fission product yields are being used to deter-
mine isotopic fission rates. As a re
periments, goal uncertaint.ies of 2-5%gult of the IRT fission rate ex-can be achieved for fission rates
measured during Phase 2 of the RCP.

Tabic 9. Dosimeter Fission Product Yield Adjustments

96g, 193n, 140s.
UNCE RT AINTY UNCERTAINTY UNCE R T AINTY

INITIAL FINAL ADJ M INITIAL FINAL ADJ

2327h 60 47 .04 28 2.7 .20

2330 CMP 40 2.9 15 18. 35 1.9 20 24 . 73

233u UAR 40 30 1.9 16, 3.7 49 28 2 6 .M

240Pu 60 36 -2.3 80 49 .30 80 49 30

241PuCMP 20 19 .27 80 44 18 20 1.9 . 46

241PuuAR 20 19 .44 60 4.4 .37 20 1.9 . 63

2N u CMP 15 1.4 . 07 1.3 1.2 .83 1.3 1.2 . 53P

238 u UAR 1.4 1.3 .16 1.3 1.2 .73 1.2 1.1 . 72P

2350 CMP 1.2 1.1 .01 1.3 1.2 .27 .87 .66 .07

2Nu uAR 12 1.1 .27 1.3 1.2 .it .e5 .es .13

230u 12 1.1 .12 1.3 1.2 .12 .92 .as .01 -

237Np 2.3 19 14 23 19 64 16 16 .34
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Table 10. Dosimeter Irradiation Bias Factors

CORE UPPER AXIAL
MIDPLANE A% REFLECTOR A%

Th 1.0075 3.9 .95170 6.12s2

23sU .97747 3.0 .95261 3.0
2ssU-1% .90976 3.2 1.0097 3.8

U .99002 1.6 .94156 1.52ss

2ssU-1% 1.0690 2.6 1.0307 2.6
237Np 1.0190 2.0 1.0122 3.0
2se U .96382 1.7 .95270 3.0
ass Pu .99343 1.9 .91912 1.7
23'Pu-1% .99800 2.2 1.0393 2.2
2"8Pu 1.0043 4.9 .97054 5.2
241 Pu 1.0059 3.6 1.0429 3.6

IRT Neutron Energy Spectrum Measurements

Neutron spectrum measurements with proton recoil techniques were
made in the IRT at CMP and in the lower axial shield region (80 cm be-

low midplane). The proton recoil experiments were made early in the IRT
test sequence at subcritical reactor states prior to any power oparation
in order to obtain acceptable neutron-induced count rates and to mini-
mize gamma ray background. The proton recoil measurements covered the
neutron energy range of approximately 1 kev to 8 MeV at CMP, and 3 kev 12 -

to 4.5 MeV at 80 cm below midplane. Cylindrical proportional counters
13were used to obtain data below 2 MeV, and nuclear research emulsions

were used in the range from approximately 0.5 MeV up to the highest
neutron energy stated. Since all four experiments (two techniques at
two locations each) were made at different suberitical states and hence
with different control rod configurations, there is a rather large un-
certainty (about 15%) associated with correct normalization between the
two techniques.

The last irradiation in the IRT testing included dosimeter pack-

ages at CMP and at 80 cm below midplane. The intent was to use cal-
culation and data adjustment to infer the neutron spectrum for com-
parison with the proton recoil results. The four-hour irradiation was
conducted at a power level of 1 MW. Since recovery time from shutdown
to gamma ray counting of dosimeters was less than two hours, it was
possible to measure some reaction rates involving short half-life (%2
hours) products. In the multiple dosimeter technique of determining
neutron spectral data,14 the measured reaction rates, differential
reaction cross sections and covariances, and calculated
anduncertainties,werecombinedusingtheFERRETcode.geutronspectraNeutron

spectra in the IRT were calculated using three-dimensional diffusion
15theory in 42 neutron energy groups; the calculated spectra were

expanded to 53 neutron energy groups extending to 16.9 MeV by interpo-
lation and extrapolation. The reactor calculation used ENDF/B-III

___
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cross sections.16 The dosimeter cross sections and covariances were
taken from ENDF/B-V and HEDL evaluation. The dosimeter cross sections
were prepared with in-group spectrum weighting typical of the dosimetry
location. Table 11 lists the ratio of calculated-to-measured reaction
rate for the reactions used in the FERRET evaluation. The dosimeter
cross sections and calculated flux spectra were adjusted by FERRET; ex-
perimental data were not adjusted. Consistency is indicated in the ad-
justed ratios by obtaining Calculated / Experimental (C/E) values equal to
unity, within the uncertainties. Figure 4 shows a priori (calculated)
and adjusted flux spectrum at core midplane, and Figure 5 shows corres-
ponding a priori and adjusted uncertainties. As expected, group flux
uncertainties are reduced considerably from the estimated a priori
values in the energy range in which significant response exists. The
final adjusted uncertainties in the group fluxes range from 10-15% over
most of the neutron energy range with significant response. However,
the adjusted flux spectrum covariance matrix enables the calculation of
various integral parameters of interest with uncertainties much less
than 10%, as indicated in Table 12. Figure 6 compares the adjusted
multigroup flux spectrum with normalized proton recoil data for the core
midplane location; in general, the shape of the spectrum is well repre-
sented as a result of the FERRET multiple dosimeter analysis over the
neutron energy range in which the two techniques are compared. Similar
results were obtained for the 80 cm below midplane location, in spite
of some difficulty with calculated spectrum uncertainties due to rela-
tively high flux gradients and Al em uncertainty in the experimental
location relative to the calculational model.

In summary, it has been demonstrated that the type of multiple
dosimeter technique used for neutron spectrum determination planned for
Phases 2 and 3 can yield the goal uncertainties of 5-20% on group fluxes
and 5-10% on important integral parameters.

!
i
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Table 11. Core Midplane Dosimeter Adjustments

ene

n. action _ _ Initial _ Adjusted

8 "u(n.f) 0.973 (151) 1.020 (3.11)
'"Pu(n.f) 0.976 (151) 1.006 (4.95)
'"u(n,y) 0.ses (151) 0.994 (3.st)
"Fe(n,y) 0.940 (191) 1.033 (9.7%)

"'Au(n,y) 0.821 (171) 0.982 (7.3%)
s'Na(n,y) 1.172 (221) 1.049(101)

2"6.(n,y) 0.999 (191) 1.001 (7.61)
"Co(n,y) 0.856(191) 1.003 (9.0s)
"sc(n,y) 1.209 (211) 1.031(s.6%)

s "Np(n.f) 1.006(221) 0.989 (8.3t)
8"In(n n') 1.082 (285) 1,063(8.01)

8 "u(n.f) 1.082 (ret) 0.994(5.x)
' "N1(n.p) 1,168 (40s) 0.995 (6.3%)

are(n.p) 1.155 (415) 0.986(6.3t)
"A1(n.3) 2.000 (1075) 0.995 (9.4%)

*Ll(n.t)'He 0.965 (161) 1.003 (3.21)
"s(n,'He) 0.an (155) 0.974(2.71)
"B r(n,y) 1.262 (641) 0.996(6.61)
''K(n.p) 0.981 (681) 1.062 (131)
"t1*n.p) 1.327 (655) 1.002(9.st)
'"I(n.2n) 3.891 (1471) 1.002 (221)

*Uncertefattee include esperteental (%2-52) and
calculational. Calculational uncertatattee
include fluz and crose section covertences.

Table 12. Integral Neutron Flux at Core Midplane,
1 MW Nominal Power

Quantify A Priori Adjusted

1 181.67x10 ' (116%) 1.68x10 (i2.9%)Total Flux
32 12Flux >l MeV 1.80x10 (125%) 1.70x10 (14.4%)
32 12Flux >0.1 MeV 9.90x10 ( 18%) 9.42x10 (14.9%)

_ . . _ _
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PRASE 2 CHARACTERIZATION STATUS

The high power (HP) irradiation of ten characterizer assemblies and
reactor cavity samples was conducted during November 1981. The reactor
power was nominally 400 MW (100% power), and the run consumed 8.6 equiv-
alent full power days. Characterizer locations were as follows: two

inner zone fuel assemblies in rows 1 and 4; two outer zone fuel assem-
blies in rows 5 and 6; three reflector assemblics in rows 7, 8 and 9;
two sample holders in in-vessel storage locations; one in-core shim as-
sembly in row 4. All assemblies were moved to the Interim Examination
and Maintenance (IEM) Cell at the reactor site, where retrievable test
pins were removed and shipped to other HEDL laboratories. The fuel pins
are being gamma scanned with a high resolution GeLi detector /NaI Compton

ThedosimetersarebeingcountedwitpaCeLidetec-suppression system.
tor coupled with an automatic sample changer / positioner.1 Approximately
half the 2000 HP dosimeters have been counted once on this system. It is
expected that the fuel pin scanning and dosimeter counting will be 90%
complete by October 1982. Other remaining laboratory work includes
reaction rate determinations using mass spectrometric techniques, and
SSTR analysis. The irradiation was conducted successfully, and the
gamma scanning and dosimeter-related activities are proceeding well, so
it is expected that all goal accuracy requirements will be met.
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The. low power (LP) irradiation of three characterizer assemblies
was successfully performed during January 1982. The reactor power was
approximately 4 MW (1% power), and the irradiation lasted 24 hours.
Characterizer locations were as follows: one inner zone fuel assembly
in row 4; one outer zone fuel assembly in row 6; one reflector assembly
in row 7. All LP assemblies have been processed in the IEH cell, and
the fuel pins have been gamma scanned. The 1500 LP dosimeters are being |counted on a variety of high resolution systems, with completion expec-

ited around October 1982. A special part of the LP test included dosim- |

cter foils sandwiched between fuel pellets in eight pins in the row 4
ifuel assembly. This portion of the LP test could not have been performed '

at full power. The foils were successfully recovered, and excellent data
are being obtained to determine the effect of measuring reaction rates in
nonfueled pins in a fuel assembly. It is expected that all goal accuracy
requirements for the LP irradiation will be met.

i

PHASE 3 CHARACTERIZATION STATUS

HEDL has a commitment for FY-82 to develop a program plan for follow-
on characterization. Four special test fuel pins were included in two
test assemblies planned for discharge at the end of Cycle 1. Planning
has just begun for follow-on characterization. The characterizer assem-
blies were designed for reconstitution and reuse, but requalification
concerns have arisen which may severely restrict their future use.
Solid steel dummy pins were inserted into the assemblies in place of the
Phase 2 test pins, and the assemblies are presently under sodium in in-
terim decay storage.
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GAMMA-RAY SPECTROMETRY IN LIGH_T WATER REACT _0R ENVIRONMENTS

Raymond Gold, Bruce J. Kaiser, and James P. McNeece
Westinghouse Hanford Company

Handord Engineering Development Laboratory
Richland, Washington 99352

ABSTRACT

To satisfy the needs of the Light Water Reactor Pressure Vessel Sur-
veillance Dosimetry Improvement Program, differential and integral measure-
ments have been carried out in a light water reactor (LWR) pressure vessel
simulator (PVS) at the poolside critical assembly (PCA) in Oak Ridge
National Laboratory (ORNL). Within this framework, continuous gamma-ray
spectrometry was carried out using Compton Recoil Gamma-Ray Spectroscopy.
Advances in the state-of-the-art of this method are described with special
emphasis given to the capabilities of the new Janus spectrometer. This
new Janus spectrometer possesses many advantages and most notably extends
the domain of continuous gama-ray spectrometry up to roughly 6 MeV.

Three different configurations of the LWR-PVS in the PCA have been
studied. Gama-ray spectrometry measurements were conducted at different
midplane locations throughout the PVS for each configuration. Integral
gama-ray dosimetry measurements were also conducted with thermoluminescent
dosimetry (TLD), ionization chambers and the method of Compton Recoil
gama-ray spectrometry itself, which simultaneously provides absolute
gamma-ray dose. Comparison of results from these different experimental
methods are reported, as well as comparisons between theory and experiment.

INTRODUCTION

The radiation field found in nuclear reactors is comprised of two
components rather than just a single component, i.e., gamma-rays as well
as neutrons. The interdependence of these two neutral partic
in reactor radiation fields has been recognized for some timeje componentsand has
been stressed in a review presented at the second of this series of inter-
national symposia.2 In the LWR-PV Surveillance Dosimetry Improvement
Program, there is need for gamma-ray data in the design, control and analy-
sis of high power metallurgical irradiation tests. Gamma-ray data are also
needed to interpret fission neutron dosimetry in LWR-PV environments, where
non-negligible photofission contributions can arise.3-6 Consequently, the
establishment of a low power LWR-PVS benchmark at the PCA has provided a
unique opportunity to obtain gamma-ray data heretofore unavailable.

Just as in reactor neutron metrology, gama-ray spectometry and gama-
ray dosimetry are techniques that complement each other at low power.
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Gamma-ray spectrometry provides differential data, whereas gama-ray dosim-
etry furnishes absolute integral data. Table 1 summarizes differential
and integral gama-ray measurements carried out in different locations of
the LWR-PVS configurations studied at the PCA. All the nomenclature,
acronyms, etc., used herein conform with Reference 7, which can be con-
sulted for a more detailed description of the LWR-PVS. In fact, since
Chapter 5 of Reference 7 presents LWR-PVS gamma work through 1980, this
exposition need only focus on more recent developments.

Table 1. Test Matrix of LWR-PVS Gamma-Ray Measurements in the PCA*

In-Situ Location ** LWR-PV Configuration

8/7 12/13 4/12 SSC

TSB S

SSC TLO
PVF S

1/4 T S S S, I, TLD
1/4 T - Off Center S

1/2 T S S S, I, TLD
3/4 T S S, I, TLD

VB S S, I, TLD

*S = Spectrometry, I = Ionization Chambers, TLD = Thermoluminescent
Dosimeter.

**0bservations were restricted to midplane except for the 8/7 configura-
tion. For the 8/7 configuration, measurements were conducted at mid-
plane and also at 15.9 cm above midplane.

These gamma-ray efforts represent an effective collaboration between
groups at two major laboratories; namely, the Center for the Study of
Nuclear Energy, Mol, Belgium (CEN/SCK) and the Hanford Engineering Devel-
opment Laboratory (HEDL). The HEDL group carried out continuous gamma-ray
spectrometry and dosimetry with Si(Li) detectors, as well as ionization
chamber measurements.7 The CEN/SCK group carried out TLD measurements
and coupled neutron-gamma transport calculations 7 The CEN/SCK efforts
and results are described in a separate presentation at this symposium,8
as well as in Chapter 5 of Reference 7.

In the next section, the current status of Compton Recoil Gamma-Ray
Spectroscopy is described with particular focus upon the Janus spectro-
meter, Si(L1) dosimetry, and data analysis techniques. Experimental
results are presented in the final section, where comparisons with other
experimental methods as well as with theory are emphasized.

. . . . .

_ _ .
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COMPTON REC 0IL GAMMA-RAY SPECTROSCOPY

The basic principles underlying Gompton Recoil Gamma-Ray Spectroscopy
have been adequately documented.i.9-b However, since its inception
rather than being static this method has continuously improved. Advances
in this continuous gama-ray spectrometry method were reviewed at the third
of this series of international symposia.15 Further developments as
well as appliqgtgns have been reported for fast breeder reactor (FBR)environments.' .

This method continues to evolve so that eve
efforts, i.e., those in the LWR-PVS environment,g recently reportedrequire updating. Con-
sequently, the most recent improvements to date in the Janus spectrometer,
Si(Li) dosimetry, and data analysis techniques are presented separately.

below.

J_ anus Spectrome_t_er

The basic elements that comprise the Si(Li) gama spectrometer Janus
probe system are displayed in Figure la. This optimized system differs
from that previously reported in four important ways:-

(1) Two separate, but identical cooled 1 cm3 Si(Li) detectors are placed!

i face-to-face as shown in Figure la.
1 (2) Each detector output is fed into a reconfigured version of the ORTEC

142A preamplifier, in which the front end FET stage is cooled.

(3) The pulse processing instrumentation has been altered somewhat from2

the original Janus probe electronics.7 Coincident counting between
Si(Li) detectors is still possible, but no pulse shape discrimination
is used.

.
(4) The detector vacuum enclosure has also been modified, as shown in

1 Figure Ib, to reduce the probe perturbation on the LWR-PVS gamma
i field. Specifically, the detectors now are separated from the elec-

tronics below by a 0.254 cm steel plate. Steel plates have been used
as well to reduce the vacuum voids beside and above the detector to
0.254 cm.

These modifications provide the following capabilities:

(1) Two complementary modes of operation.

The noncoincidence mode for low energy spectrometry (43 MeV).
The coincidence mode for high energy spectrometry (g3 MeV).

(2) Improved discrimination against neutron-induced events, since neutron
,

interactions produce short-range events that are excluded in the
coincidence-mode operation.

.

.
,
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(3) Improved high energy coincidence-mode response for unfolding analyses.

(4) Lower common mode noise and better resolution by utilizing a differ-
ential shaping amplifier, in place of the cascaded differential and

; linear amplifiers previously used.7
|

(5) Single parameter, rather than dual parameter analysis, reduces the
complexity of the pulse processing instrumentation as well as the

;

procedures necessary for data collection and unfolding.

The recent change from dual to single parameter pulse analysis was
. based upon a careful study of Si(Li) energy and rise time spectra as a'

function of gamma-ray energy, using monoenergetic gamma-ray sources in
{the 0.1 - 7.0 MeV energy region. The two most significant observations

j generatad in this study were:

(1) R.se time spectra were found to be electron, hence gamma-ray, energy
dependent.

(2) The variation of observed electron energy spectra was not adequately
described by theory (Klein-Nishina formula). (These energy spectra
were obtained from monoenergetic gamma-ray sources in the energy
region 0.1 - 7.0 MeV using rise time discrimination to reject elec-
tron escape from the Si(Li) detectors.)

As a result of this study, the use of theory as the basis for response
matrix constrygtion, as practiced in earlier continuous gama-ray spectrom-a

etry efforts,' was not appropriate for the Janus probe. Under these con-!

ditions, empirical response matrix construction affords greater accuracy,
since systematic effects are automatically included in the observed mono-1

energetic responses which are used, in turn, to construct the response;
i

matrix. Moreover, the experimental technique is simplified considerably
by use of single parameter as opposed to dual parameter pulse analysis.
The success of this single parameter-empirical response matrix approach is

-
demonstrated below.

1 .

_Si(Li) Dosimetry
.

'

Use of Si(Li) detectors for gamma-ray dosimetry is not new, but dates
back to the original work with these detectors for absolute gamma-ray con-
tinuum spectroscopy.18 20 Consequently, only recent advances need be
stressed in this presentation. Two different. dose rates are available in
Si(Li) dosimetry. The finite size dose rate DFS, arising in the Si(Li)
detector, is given by:

*

k

bp3 = h '

CE (1)$9,
n

. - _ _ - _ _ . . _ .
_ _. . _ .
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where:

Ej = Mid-bin electron energy of channel i (MeV)
Cj = Number of counts in the channel i bin
m = Mass of the sensitive volume of the Si(Li) detector (g)
T = Live time of the measurement (h)
P = Reactor powgr level maintained during the measurement (W)
F = 1.602 x 10-o rad-g/MeV

The conversion factor, F, provides the finite-size rate FS in units of
rad /(h W). Note, according to Eq. (1), that the finite-size dose rate
is defined in a specified electron energy range, namely [En, E 3-k

The mass of the sensitive volume of the Si(Li) detector, m, was deter-
mined experimentally. The detector intpgral count rate response was meas-
ured using a finely collimated beam of D4Mn (0.8348 MeV) gamma rays. This
fine beam (1.27 mm in diameter) was scanned across the detector surface,
both diametrically and longitudinally, in 1.27 mm increments. Diametrical
scans have verified that these Si(Li) detectors are cylindrically symme- ,

tric. These profile distributions have been used to obtain the effective
volume of the Janus probe Si(Li) detectors. The observed volume of the
redesigned Janus probe determined in this manner was 1.867 cm3, which
corresponds to a sensitive silicon mass of 4.350 10.22 g.

Unfolded absolute gamma-ray continua obtained from Si(Li) detectors
can also be used to obtain gamma-ray dose rates. In this case, finite

size effects have been properly accounted for in the empirical response
matrix. Consequently, effects of electron escape or entry into the sensi-
tive volume of the Si(Li) detector do not exist when using the absolute

IM IO gnce, this dose rate has been called
Hgama continuum to determine dgse.
#0 The infinite medium dose ratethe infinite medium dose rate D

in material M, IM, is given by:

k

ig = d E
+i

(2)
- (co)i M("en/a liD ,

i=n

where:

(eg)$ = Mid-bin gama-ray energy of channel 1 (MeV)
+$ = number of gamma rays in the channel i bin

en ")i = Mass energy absorption caefficient for material, M, atM(p I

gama-ray energy (cg)$
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Theotherconstantscanbetakenasdefinedearlier,sothatblM possesses
units of rad /(h W). Note, according to Eq. (2) the infinite medium dose is
defined in specified gamma-ray energy range, namely [(co )n e (to)k],which
normally corresponds to the measurement domain of the absolute gamma
continuum.

_D_a_t_a An_al ys is

Empirical response matrix construction to date has only been performed
in the low energy (non-coincidence) region. Hence, results reported here
are necessarily confined to the energy region 4 3 MeV.

The empirical response matrix was constructed from the measured
responses of seven monoenergetic gamma ray sources. Monoenergetic gamma-
ray energies ranged from 0.3208 MeV to 2.754 MeV. Table 2 lists the
sources used. Column elements of the response matrix were generated by
interpolation between these observed responses. The following sections
describe data preparation and response matrix construction in detail.

Table 2. Monoenergetic Sources Used in the Response Matrix Construction

Photon Compton Edge
Radioisotope Energy (MeV) Energy (MeV)

52Cr 0.3208 0.1779
198Au 0.4118 0.2541
64Cu 0.511 0.3407

137Cs 0.6616 0.4773
54 n 0.8348 0.6394M

22 a 1.275 1.0618N

24Na 2.754 2.5201

In i_t_ia_1 D_at_a Prepar.a.t_ ion. The first step in preparing the seven mea-
sured monoenergetic responses was to normalize each response to a fixed
fluence at the center of the detector. Using absolute source strength
together with geometric correction factors each monoenergetic Compton

6 y/cmIrecoilspectrgmwasnormalizedto10 at the detector center. In
addition the 2 24Ng and Na spectra were qorrected to remove secondary gammas
(0.511 MeV for 2cNa and 1.3686 MeV for 24Na).

At low energies, photopeaks represent a significant contribution to
Si(Li) observed Compton continua. As gamma-ray energy increases, the pho-
tope.k contribution becomes negligible and the double escape peak contri-
bution from pair production becomes significant. Therefore, photopeaks
and doubia escape peaks had to be treated with great care. The interpola-
tion scheme used in generating the response matrix handled these peaks
separately. Peaks were subtracted out of the normalized responses prior
to interpolation. To superimpose these peaks onto the interpolated

!

[
_ _ _
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responses, nonlinear least squares fits were made to the peak data to
obtain energy dependent parameters for peak height, channel number, and
width. These parameters were used to calculate photopeaks and double
escape peaks for each column of the response matrix. The calculated peaks
were then added to the column elements computed by the interpolation
scheme.

To reduce the effect of statistical fluctuations on the response
matrix, the normalized Compton recoil spectra were smoothed using a five
point, weighted smoothing algorithm.

Respons_e Matrix _ Genera _t_ ion. A (256 x 256) empirical response matrix
was constructed. This matrix possessed 256 column (gamma energy) elements
and 256 row (electron energy) elements, with the Compton edge energies
lying along the main diagonal. A gamma energy range of 0.30 MeV to 2.75
MeV was covered. The following computational scheme (computer code) was
used for the response matrix construction:

(1) Read the measured, normalized responses of the monoenergetic gamma
ray sources.

(2) Compute the gamma ray energy for column, i, that has a Compton edge
energy corresponding to electron energy row j=1. This creates a
response matrix in which the Compton edge energies lie along the main
diagonal. Adjust for energy broadening of the Compton edge.

(3) Use 3 point Lagrangian interpolation to generate the column elements
from measured responses.

(4) Compute photopeak and double escape peak elements based on fitted
parameters for electron energy, peak height, and width. Add these
elements to the Compton column element.

(5) Repeat steps 2-4 until all 256 column elements are complete.

Un_ folding. Compton recoil continua are obtained with iterative
unfolding.4 8 The arresting criterion for the iteration process was
modified to account for not only the statistical fluctuation in the data,
but also for the error, oE, in e5ergy calibration. Hence, the standard
deviation at each channel, o1, was computed as:

o =Nj+ f(oE) (3),

| where:

Nj = Number of counts in channel i
= Slope of the spectrum at channel i

Error in electron energy at channel i
(oE)g
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Iterative unfolding is arrested when the sum of the residuals
decreases below a prescribed bound A. The initial estimate for A is taken
as:

2
A = {a (4)

The arresting criterion is empirically refined by obgrving the results of
unfolding a known gamma ray line-spectrum, such as 2 ara.

t

To test the adequacy of this respons
with the Janus probe from a 226 a source.e matrix, data were collectedI

226 a electronR The observed R

data are shown in Figure 2a and the unfolded gamma-ray spectrum is shown
in Figure 2b.

| Obviously unfolding a line spectrum, such as 226 a, is a very rigor-R

ous test for a continuum spectrometry method. Nonetheless, as can be seen,

in Figure 2b, the unfolded gamma ray continuum is n
The energy of the unfolded peaks agree with known j2 geed a line spectrum.Ra peaks to an uncer-
tainty of less than 1%.

,

.

A comparison between the unfolded absolute peak intensities and peak
intensities measured with a Ge(Li) spectrometer are shown in Table 3.
Since the gamma-rpy resolution of the continuum spectrometer is approxi-
mately 20 kev, 220Ra gamma-ray peaks having negligible interferences,
i .e. no neighbors closer than 230 kev, were chosen for this comparison.
As can be seen from Table 3, absolute results of the continuum spectrometer
and Ge(Li) spectrometer agree to within approximately 10%.

Table 3. Comparison of Ge(Li) and Janus Probe Absolute 226 aR,

Gamma-Ray Intensities *

.

Gama-Ray Energy
i (MeV) Ge(Li) Janus Janus /Ge(L1)

0.352 1.067 0.973 0.912
0.609 1.382 1.360 0.987

! 1.121 0.4261 0.4692 1.101
,

2.202 0.1364 0.1580 1.158
!

* Units of 106 gamma-rays /s.

_Experimen_t_al_ Results

Progress in defining the gamma-ray component of the radiation field in
the LWR-PVS environment has been exceptional. This progress can be attri-
buted, in the main, to the synergistic collaboration between the CEN/ SCK
and HEDL groups. At the outset, absolute gama-ray spectral calculations
performed by the CEN/SCK group for the 12/13 configuration were roughly an

;

;

__ . - .
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order of magnitude higher than continuous gamma-ray spectrometry carried
out by the HEDL group ir. this (12/13) LWR-PVS configuration at the PCA.

This initial comparison provided the impetus for more detailed calcu-
lations as well as complementary TLD measurements by the CEN/SCK group.
Subsequent comparisons in the 4/12 SSC configuration revealed that the
absolute spectrometry measurements of the HEDL group were now a factor of
two or so higher than these new calculations. Furthermore, Si(Li) gamma-
ray do
block.gimetry was roughly 35% higher than TLD measurement within.the PVThe CEN/SCK group pointed out that the Si(Li) measurements could
be high due to voids created upon insertion of the Janus probe into the PV
block. The HEDL group concurred, noting that the gamma-ray intensity gra-
dient in the PV block together with voids arising by introduction of the
Janus probe could produce the higher absolute results observed in the
Si(Li) measurements.

| As a consequence, the Janus probe was redesigned to minimize voids.
As shown in Figure Ib, this redesigned Janus probe was then subsequently

; used in the most recent LWR-PVS experiments. In addition, a miniature
gamma-ray ionization chamber was developed to measure the perturbation
introduced by the Janus probe. This ionization chamber, 2.41 cm length by,

0.89 cm diameter, was small enough to use in a dummy Janus probe. Hence1
; measurements could be carried out first with the LWR-PVS channels com-

pletely filled with steel and then in the same channel, but inside a dummy'

probe which represented the redesigned Janus spectrometer.'

The resulting Janus probe perturbation factors for the 4/12 SSC con-
figuration are enumerated in column 2 of Table 4. These perturbation fac-
tors have been applied to Si(Li) dosimetry data obtained with the
redesigned Janus probe. Table 4 compares absolute Si(Li) dosimetry with
both TLD results and calculations for the 4/12 SSC configuration.7 The,

TLD and Si(L1) dosimetry results lie within experimental error, whereas
; Si(Li) dosimetry is roughly 35% higher than calculated gamma-ray dose rates

in the PV block.
.

While it may be fortuitous, the difference between observed and cal-
culated gamma dosimetry lies in the same direction and is roughly the same
magnitude as the deviation between calculated and qbserved neutron fluxes
for the LWR-PVS configurations studied in the PCA.' Further collabora-
tive efforts are planned in forthcoming LWR-PV benchmark fields. On this
basis, current differences between theory and experiment will hopefully be
resolved.
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| Table 4. Comparison of Gainma-Ray Dosimetry * For
; the 4/12 SSC Configuratico
| /

Perturbation b Calculation 6 bFS FS FS

| Location Factor 0.05-7.68 MeV TLD 0.02-14.0 MeV TB "C'aT .

|

| T.'4 1.16 276 255 - 210 1.08 1.31
T/2

- 1.14 78 68 52 1.15 1.50'

1 3T/4 1.11 23.5 21.5 19.1 1.09 1.23
! VB ** 11.0*** 11.5 2.20 0.96 5.0

! * Dose rate in mrad /h at 1-W PCA power level, corrected for perturbation.
l **Not measured.

|
* ** Perturbation correction assumed negligible for 'the VB location.

i
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( COMPUTER CONTROLLED SCANNING SYSTEMS FOR QUANTITATIVE
TRACK MEASUREMENTS

Raymond Gold, James H. Roberts, Christopher C. Preston,
James P. McNeece and Frank H. Ruddy

Westinghouse Hanford Company
Handord Engineering Development Laboratory

Richland, Washington 99352

ABSTRACT

The status of three computer controlled systems for quantitative track
measu:ements is described. Two systems, an automated optical track scanner
(A0TS) and an automated scanning electron microscope (ASEM) are used for
scanning solid state track recorders (SSTR). The third system, the emul-
sion scanning processor (ESP), is an interactive system used to measure
the length of proton tracks in nuclear research emulsions (NRE). Recent
advances achieved with these systems are presented, with emphasis placed
upon the current limitations of these systems for reactor neutron
dosimetry.

INTRODUCTION

A major inconvenience of track observation methods is the necessity
of visual or manual measurement of tracks, a task which requires care,
patience, and dedication. This drawback is clearly manifested in precision
measurements, where inherent statistical limitations require the observa-i

tion of large numbers of tracks for adequate precision and make the task
time consuming as well as expensive. As a consequence, worldwide expertise
in precision applications of NRE and SSTR methods is quite limited. A more
detailed discussion of these requirements can be found in a critical review |
of the SSTR method, which was presented at the very first of this series of
international symposia on reactor dosimetry.l

Elimination of the human element would be highly desirable for precise
track measurements, since it would permit the introduction of more quanti-
tative standards of track identification and background subtraction. Such
standards would obviate problems of personal bias in manual track measure-
ments, which can otherwise compromise experimental accuracy. Hence, such
biases must constantly be guarded against in manual trcck scanning. Con-
siderable interest exists, therefore, in the automation of this scanning
task. A perhaps tacit, but certainly reasonable assumption is that any
such automated system must provide at least comparable accuracy to manual
scanning techniques. Only under such a condition can the high accuracy
goals of current NRE and SSTR applications be maintained.
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Present day minicomputers and microprocessors enable'a range of_ auto-
mation, from partial to total, of tasks once thought beyond approach.
Among the major considerations in the design and development of these track
scanning systems were: (1) simplicity, (2) ease of operation, and (3)
stability and reliability of performance. In all three systems, an attempt
has been made to utilize the power and flexibility of computer control to
the maximum possible extent.

In the next section, the recent upgrading of the A0TS system is out-
lined with emphasis on specific modifications that have been introduced to
overcome limitations of the orig;nal A0TS system. The ASEM system, which
is devoted to high power /high fluence SSTR experiments, is presented in
the following section. In the last section, the interactive ESP system is
described together with advances that have been effected in NRE neutron
dosimetry.

AUTOMATED OPTICAL TRACK SCANNER (A0TS)

While many groups have attempted to automate SSTR scanning, the over-
all degree of success has been less than satisfactory. A spark counting
method applicable with pla tic SSTR such as Makrofoi or Lexan hus been
successfully demonstrated, ,3

Detailed investigations .pses severe limitations for pre -butposge reveal an accuracy of roughly3cision work.
10-20% for this technique, provided track density is limited to less than
10 /cm2,3

A more sophisticated automation system using an optical microscope
under computer control, has been developed.8-8 This automated optical
track scanner (A0TS) system has demonstrated comparable accuracy to manual
scanning for plastic SSTR of the polycarbonate resin variety such as
Makrofol, Lexan, etc.9

Although this A0TS system did establish that SSTR automation was pos-
sible at an accuracy level comparable with human observations, severe
limitations arose. Extreme difficulty was originally encountered using
mineral track recorder materials such as mica with any degree of reliabil-
ity or reproducibility. A track density limit of roughly 105 tracks /cm2
was established, beyond which SSTR accuracy could be seriously compromised.
System speed was approximately 10 hrs /cm2, which provides a relatively
slow processing rate of only one to two SSTR per day.

The A0TS system, originally developed at Argonne National Laboratory,
(ANL), was the first microscope system ever built that possessed automatic
focussing capability. It has been transferred to the Hanford Engineering
Development Laboratory (HEDL) in order to meet the overall dosimetry needs
of the US fast breeder reactor (FBR), light water reactor (LWR), and mag-
netic fusion reactor (MFR) energy programs. Since the A0TS system was
fabricated over a decade ago, general upgrading of system components was
warranted. While the difficulties encountered in scanning mica SSTR have
apparently been solved 10, current improvements are intended to overcome
earlier limitations in track density and slow processing speed.

. - -
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Figure 1 displays the general block diagram of the present A0TS sys-
tem. Components which comprise the upgraded A0TS system are summarized in
Table 1. The video camera of the upgraded system replaces the photomulti-
plier readout of the original system, wherein, the photomultiplier viewed
a 0.4 mm aperture located 20 cm above the microscope eyepiece.8

Since the quality of the video image scarcely compromises microscope
resolution and contrast, significant improvement in pattern recognition
accrues. As a consequence, this new videcon readout provides the A0TS
system with equal processing capability for all types of SSTR, ranging
from plastic to mineral. In fact, this new readout system facilitates
applications that depend upon more detailed track observations, such as
measurement of track structure or shape, e.g., track diameter, track

through track diameter observations in CR-39 SSTR.pment of proton energy
range.....etc. An important example is the measur

'l

improved speed and reliability accrue to the new A0TS system through
reduced dependence upon mechanical motion. Now the microscope stage need
only be moved from field-to-field. Video processing not only eliminates,

| the need for mechanical (X,Y) motion within any given microscope field,
| but provides an estimated order of magnitude increase in system processing
| speed.

AUTOMATED SCANNING ELECTRON MICROSCOPE (ASEM)

An additional limitation in SSTR work arises because of the overlap ,

of tracks at high track density. This phenomenon, which is generally
called track pile-up, is especially prevalent in high power /high fluence
applications due to the high sensitivity of the SSTR method. Optical
microscopy cannot provide sufficiently high magnification to allay pile-up
effects produced in such high power /high fluence experiments. Since the
required levels of magnification for track scanning in high power /high
fluence applications are more tractable for electron than optical micro-
scopy, the logical outgrowth of earlier efforts is a second generation
automated scanner using the higher magnification afforded by scanning
electron microscopy. In view of the significance of in-situ SSTR experi-
ments at high power /high fluence in U.S. FBR, LWR, and MFR energy pro-
grams, an automated scanning electron microscope (ASEM) system has been
developed.

The block diagram of the ASEM system is displayed in Figure 2 and
equipment components are summarized in Table 2. In scanning electron
microscopy, the specimen (SSTR) is held stationary and a fine electron
beam traces across the specimen surface in a television raster type scan-
ning mode. Not only is all mechanical motion eliminated, but system speed
is not longer inherently limited by the existence of mechanical motion.
Hence SSTR processing rates should be significantly improved. Important
improvements in stability and reliability accrue, since scanning electron
microscopy possesses much greater depth-of-focus than optical microscopy.
In contrast with the computer-controlled optical microscopy system, a SEM
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FIGURE 2. Block Diagram of the Automated Scanning Electron Microscope (ASEM) System.
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TABLE 1,

Automatic Optical Track Scanner (A0TS) System Equipment

IComponent Manufacturer

Microscope System Leitz
Computer Terminal VT100 Digital Equipment Corporation
Joysticks Tektronix
PDP 11/23 Computer Digital Equipment Corporation
Indexers SP153 Superior Electric
Interface / Bus J. F. Microsystem
Bus Expander HEDL

H740d Power Supply Digital Equipment Corporation
Stepper Motors HDUM-16-100-5 Harmonic Drive Div/ United Shoe

Machinery Corporation
Magnetic Tape Drive - CIPER Aviv Corporation

- Dual Floppy Disk Drive Charles River Data Systems
X, Y, Z Stage ANL

Support Table ANL

TV Monitor, DM 14/C C0HU, Inc.
Video Camera, C-1000 Hamamatsu Systems, Inc.
Camera Controller, C-1000 Hamamatsu Systems, Inc.
Graphics Controller, MLSI-512 Matrox Electronic Systems, Ltd.
Phase Lock Loop Module, PLL-01 Matrox Electronic Systems, Ltd.'

RAM (24X80), 2480 Matrox Electronic Systems, Ltd.
Light Pen, LP-600 Matrox Electronic Systems, Ltd.

|
under computer control would be much simpler in that no need for automatic
focusing adjustments would exist. Elimination of automated mechanical
motion and focus control in the SEM system should, in principle, provide
quantitative data of higher accuracy for many differnet types of track
recorder materials.

A significantly larger domain of track density can be covered by the!

ASEM system. In view of inherent track pile-up effects in high power /high
fluence SSTR experiments, it is obviously desirable to restrict track size
as much as possible. Owing to the range of magnification available with a

;

SEM, it should be possible to adjust etching conditions so that extremely'

high track densities can be quantified. Our work to date indicates that
8it should be possible to accurately determine track density up to 10

tracks / m2 and perhaps even higher by use of the Buffon needle
! method.iz,13
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TABLE 2
Automated Scanning Electron Microscope (ASEM) System Equipment

Component Manufacturer

Scanning Electron Microscope, 1200A American Metals Research Corp.
Current Amplifier, 427 Keithley
PDP ll/03-L Computer Digital Equipment Corporation
Terminal, 2644A Hewlett-Packard
Printer 440 Integral Data Systems
H740d Power Supply Digital Equipment Corporation
Interface / Bus J. F. Microsystems
Duel Floppy Disk Drive Charles River Data Systems
Video A/D Converter, TV8B Datel Interfil
Computer, 3220 Perkin-Elmer
Terminal, 520 Perkin-Elmer
Disk Drive MSM 300 Perkin-Elmer
Bus Expander HEDL

EMULSION SCANNING PROCESSOR (ESP) SYSTEM

Because of the enormous utility of NRE, many groups have developed
special instrAreviewtextgentationsystemstoaidinthetaskofemulsionscanning.on NRE summarizes these activities through 1961. More
recently, a Russian group has developed an gmulsion scanning instrumenta-
tion system for fast neutron measurements.l3

Our applications of NRE in neutron dosimetry and spectrometry have
motivated the development of a computer-based interactive system for scan-
ning emulsions. This system, which is called the Emulsion Scanning Proc-
essor (ESP), has been developed to measure the lengths of proton-recoil
tracks in NRE as well as to store, process, and analyze track data so
obtained. To date, this system has been successfully used for neutron
dosimetry and spectrometry in FBR and LWR environments.16,17

In the ESP system, the X, Y, and Z (focus) stage motion of a motor-
ized Universal Zeiss microscope is controlled by a PDP ll/03-L computer.
The computer receives all operator instructions, moves the stage as
directed, and stores positional information on command. Software pro-
grams, stored on floppy disks, provide the flexibility needed to conveni-
ently tailor operating, storage, and data presentation formats to fit
different scanning situations. The motorized stage possesses a travel of
75 mm in the X-direction, 25 mm in the Y-direction, and 4 mm in the Z
(focus) direction. Digital motion step size is 0.25 um in the X and Y
directions, whereas the Z direction step size is 0.05 um.

_ _ _ _ . _ _ __



. . _ . . __ ._ _ . _ ..

i

2ss

Figure 3 displays the operational block diagram of the ESP system.
An operator must interact with the system to obtain the desired results.'

The joystick and pushbutton controls are used to set parameters and bound-
aries, focus, locate tracks, measure track lengths, categorize, and store'

track data. Major equipment components of the ESP system are summarized
in Table 3.

To our knowledge, the ESP system is the first truly interactive system
developed and used for emulsion scar.ning. This system possesses interfaces
between all three fundamental constituent elements, namely man, microscope,
and computer. Of equal significance is our reliance upon computer control,

to the maximum extent possible. For these reasons, the ESP system provides
a substantial advance in the state-of-the-art of emulsion scanning systems
in terms of both accuracy and cost-effectiveness.

15 represents the first system ever builtWhile the Russian system
which responded to hardware instructions, only motion in the (X, Y) plane
could be controlled through two specific hardware instructions, namely (1)
return to the center of field and (2) go to the next field. Consequently
such a system does not constitute a fully interactive system between man
and computer. Indeed, there was no computer.

! The ESP system is fully interactive and possesses automated (X, Y, Z)'

control, where Z is the depth coordinate in the emulsion, which is con-
trolled by changing microscope focus. Consequently as opposed to the:

'

2-dimensional Russian system, our 3-dimensional ESP system provides the
full automation required of scanning 3-dimensional entities (tracks) in.

emulsions. While the Russian system responds only to two specific hardware
| instructions, our fully interactive system responds to computer software.'

This is a crucial distinction, since through appropriate computer software
the ESP system can carry out, in principle, infinitely more tasks of-
greater sophistication and/or complexity. This feature provides the power
and capability to use our system for many different applications.

:
To date, the EfP sy tem has been used exclusively for observation of'

On the basis ofproton-recoil tracks in ne.utron dosimetry measurements.
these efforts, the power and flexibility of this system has been demon-

'

strated by the development of computer codes to handle three completely
: different scanning tasks. These different tasks are:
i

1. Track length reasurements in 4 irradiated emulsions for dif-
ferential neutron spectrometry.

!

r

| 2. Track length measurements in 4w irradiated emulsions for inte-
,

gral neutron dosimetry.:

3. Track length measurements in emulsions irradiated in collimated
. or unidirectional neutron beams for differential neutront

spectrometry.
:

i

I
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TABLE 3
Emulsion Scanning Processor (ESP) System Equipment

Component Manufacturer

Universal Microscope System Carl Zeiss
Computer Terminal Beehive International
Joysticks Tektronix
PDP ll/03-L Computer Digital Equipment Corporation
H740d Power Supply Digital Equipment Corporation
Dual Floppy Disk Drive Charles River Data Systems
Indexers SP153 Superior Electric
Interface J. F. Microsystem
Bus Expander HEDL

These scanning tasks correspond to operation of the ESP system in dif-
ferent modes, namely differential mode scanning, integral mode scanning,
and end-on scanning, respectively. Differential mode scanning has been
used for NRE differential neutron spectrum measurements in the Fast Flux
Test Facility (FFTF) at startup.16 Indeed, these efforts led to the
first experimental confirmation of the existence of angular anisotropy in
the neutron field within a reactor core. Integral mode scanning has been
used for NRE integral proton-recoil reaction rate measurements in the LWR
pressure vessel mockup at thp pool critical assembly (PCA) in Oak Ridge
National Laboratory (0RNL).lc The end-on scanning mode has been applied

252Cf fission neutron benchmark field,

with NRE exposed in the standard1

maintained at the National Burgqu of Standards (NBS). These NRE spectral
measurements of the standard 232Cf fission neutron field will be reported
in sequel.

The ESP system provides a substantial advance in the state-of-the-art
of emulsion scanning in terms of both accuracy and cost-effectiveness. The
uncertainty in track length measurements with this system is approximately
0.52pm (la), which :g an improvement of about a factor of 4 over earlier
automation efforts. While emulsion scanning rates vary for the differ-
ent modes of system operation, scanning rates of 30 to 40 tracks / hour have
been typically obtained. This rate represents an inqpease by a factor of
3 to 4 over scanning rates attained in earlier work.83

i
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LIGHT WATER REACTOR -
PRESSURE VESSEL NEUTRON SPECTROMETRY WITH

SOLID STATE TRACK RECORDERS

Frank H. Ruddy, Raymond Gold, and James H. Roberts
Hanford Engineering Development Laboratory

Richland, Washington, U.S.A.

ABSTRACT

| Solid State Track Recorders have been used to measure absolute
I fission rates in the Light Water Reactor - Pressure Vessel Simulator at

the Oak Ridge Pool Critical Assembly. Measurements were made in the
12/13 configuration with 237Np, 238 , and 235U at the TSF, TSB, PVF,U

1/4 T, 1/2 T, and 3/4 T locations. To avoid relative power normaliza-
tion uncertainties, all locations were measured simultaneously in a
single run for each isotope.

Comparisons of SSTR results are made with the results of measure-
ments performed by NBS and CEN/SCK using benchmark referenced fission

.

chambers and with the trends of theoretical calculations. |

INTRODUCTION

Fission rate measurements using Solid State Track Recorders (SSTR)
have been continued at the Pool Critical Assembly (PCA) Light Water
Reactor-Pressure Vessel Simulator (LWR-PVS) at Oak Ridge.l In addi-

lyreporggd,3 PCA 8/7* and 12/13 fission rates2tionj0the revifor 2 Th, 2 S , 2 iNp, additional measurements have beenU U, and
carried out in the PCA 4/12 (SSC), PCA 8/7, and PCA 12/13 configura-
tions. A summary of these additional PCA runs completed to date is
contained in Table 1.

This paper presents data taken in November 1981 for the 12/13 con-
figuration when fission rates were measured for all seven radial loca-
tions simultaneously in separate runs for 237Np and 238 These' data0
represent the only PCA radial traverses where relative fission rates
can be obtained without power normalization uncertainties for the seven
radial locations. Data taken during the other runs listed in Table 1
are being reduced and will be reported in sequel.

* Nomenclature and acronyms conform to those already introduced in
Reference 1.
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Experimental Procedures

Mica SSTR were placed in contact with deposits of the apprggriate
238 , 235U and D 7Np on0fissionable materials. Thin vacuum deposits of

5 mil stainless steel backings were used. These deposits were cali-
brated before use using alpha spectrometry and were simularly recali-
brated after they had been used in the PCA to insure against loss of,

!

deposit material during the measurements. The deposit, surrounded by

wafers in the cases of ga SSTR wafers, was placed between two 10 mil Cdtwo 3/4-in. diameter mi
380 and 23/ p. Iron wafers were used to centerN

the deposits in the measurement locations in the pressure vessel simu-
lator and to fill all voids and aluminum wa used to nter the deposits
in the void box measurement location. The 350 and 2 Np deposits were
surrounded by a cylindrical 10 mil Cd liner. In the case of the 2350
measurements, iron or aluminum wafers were used in place of the cadmium
discs and liner. For the measurements in the SSC, cadmium capsules
were used in place of the discs and liners. The deposits in the water
positions (TSF, TSB, PVF) were placed between two mica SSTRs which were
in turn placed between two polyethylene plastic discs to protect the

,

mica and attached with waterproof tape to lucite sheets which were held
at the proper distances from the core in the water with a rigid aluminum
frame. Cadmium could not be used in the water positions, so 235U

1 measurements were done to assess any contributions to the fission rates
from the 2350 impurities in the 2380 and 237Np deposits. Care was taken'

to avoid cross-contamination between deposits when loading or unloading
i

the SSTR dosimeters. The exposed mica SSTR were etched for 90 minutes ,

in 49.2% HF at 22.7 C and manually scanned using optical microscopy to
a statistical accuracy of about 3% (la) by at least two independent
scanners. The integrated power during each run was obtained with-an
NBS calibrated fission chamber run-to-run monitor.4

,

Results and Discussion

The SSTR fission rates measured in the PCA for 237Np and 238U are
listed as a function of radial position for the 12/13 configuration in

237Np and Figure 2Table 2. These data are plotted in Figure 1 for
for 2380 These fission rates display the pseudologarithmic decrease'

as a function of distance within the PVS block that is characteristic
237Np fission rates inof threshold reactions. The departure of the

Figure 1 from linearity in the water locations is due to contributions
to the fission r The cross section for
neutroninducedgtgfromsub-thresholdfission.3'Np fission shows resonances in the epithermal
energy range and the relative number of epithermal neutrons increases
as the core is approached. In the case of the 238U data plotted in
Figure 2, a straight line with a slope slightly less than the slope in.

the PVS is obtained in the water positions. These lines intersect at>

the PVS-H 0 boundary. The contribution to the measured fission rate2from 2350 in the 238U foils is appreciable in the water positions.
A 14.6% correction was required in the PVF position and a 30% correction

:t
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was required at the TSB location. The thermal fission correction
resulted in an overall uncertainty of 15% for the TSB 2380 fission
rate, and although this point has been plotted in Figure 2, it has been
omitted from T In the TSFposition,thegble2becauseofitslargeuncertainty.38U fission rate could not be accurately measured even
with 238U deposits containing as little as 6 ppm 2350 due to the extremely

j high thermal to fast neutron ratio at this location. The relative
uncertainties (la) have been obtained by combining the sources of'

error tabulated in reference 3 in quadrature. Uncertainties in power
:

normalizationdonotenterintothecalculationofgherelativeuncer-tainties, since a single run was used for 2380 or 2 7Np. To obtain the
absolute uncertainties from the relative uncertainties of Table 2, the
4.1% uncertainty in the absolute power normalization must be combined.

in quadrature with the tabulated values. The absolute uncertainties in
these data are generally 5% (la) or less.

Previous SSTR fission rate data have been compared with the enr--

responding NBS and CEN/SCK fission chamber measurements.5 Tables 3
and 4 are comparisons of the most recent 2380 and 237Np fission rates
measured in the PCA 8/7 and 12/13 configurations respectively with the
corregggnding fission chamber measurements.* Note that the more recent
SSTR d'Np fission rates are 15% lower than the SSTR fission rates
measured in October 1978 which are tabulated in reference 5 This dif-
ference must be due to a mispositioning of the PCA 12/13 configuration
during the earlier measurements as a 15% error is far to large to be
accounted for by any other experimental error. The new results are
about 6% lower than NBS as are the October 1978 results for b th 237Np9238and U in the 8/7 configuration. The new SSTR results for 238U in the
12/13 configuration are also lower than NBS by about 6%. The overall
ratio for the six 237Np results is 0.940 0.031 and for the six 2380
results is 0.940 1 0.016. The smaller standard deviation for the 2380
ratio reflects the fact that the SSTR 238U fission rates have lower
uncertainties than the 237Np fission rates. Although a 6% discrep-
ancy is within the range of the relative uncertainties of the SSTR and
fission chamber measurements, the SSTR to fission chamber ratios are
consistently about 0.94 for all of the measurements to date suggesting
that there is a systematic bias between the two types of measurements.
A possible explanation for this bias is the fact that the void intro-
duced by the fission chamber causes some uncertainty as to the effective
position of the fission rate measurement. The fact that the fission
chamber measurements are consistently higher would indicate that the
fission chamber measurements correspond to a position closer to the
core side of the void rather than the assigned central position.4
The results of additional SSTR measurements in the 8/7 and 12/13 con-
figurations (See Table 1) will be compared to existing SSTR and fission
chamber measurements to attempt to resolve this matter.

*The NBS 237Np fission rates have been increased by 2.2% due to recal-
ibration of the mass of the NBS 237Np fission deposit.

_ _ _
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Comparisons of theoretical calculations to experimental estimates 6

mentforboth2ggdresujtgthataresystematicallylowerthanexperi-J'Np (see, for example, Figure 7.1.1. and 7.1.4.lead to calcula
00 and

of Reference 6). If the lower SSTR experimental values are compared to
these calculations, calculated to experimental ratios closer to unity
would result. These higher ratios would be more consistent with the
ratios reported for other dosimeter reactions.6
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Table 1. Schedule of PCA Solid State Track Recorder Measurements
e

Run Number Date Configuration Isotope Positionsa

237Np SSC (+75mm, MP, -75m),1/4 T (+75m, MP,PCA37 01/14/81 4/12(SSC) -'
-75m),1/2T (MP)

PCA38 01/14/81 4/12(SSC) 2380 SSC (+75m, MP, -75mm),1/4 T (+75m, MP,
-75mm), 1/2 T(MP), 3/4 T(MP)

PCA39 10/15/81 8/7 2380 1/4 T, 1/2 T, 3/4 T, VB (all MP)

PCA40 10/15/81 8/7 237Np 1/4 T, 1/2 T, 3/4 T, VB (all MP)

PCA41 10/15/81 8/7 238U 1/4 T (MP)

PCA42 10/16/81 12/13 2380 1/4 T, 1/2 T, 3/4 T, VB (all MP)

PCA43 10/16/81 12/13 237Np 1/4 T, 1/2 T, 3/4 T, VB (all MP)

PCA44 10/16/81 12/13 238U 1/4 T (MP)

PCA45 10/19/81 12/13 237Np 1/4 T (MP)

PCA51 11/18/81 12/13 238U TSF, TSB, PVF, 1/4 T, 1/2 T, 3/4 T, VB
(all W)

PCA52 11/18/81 12/13 237Np TSF, TSB, PVF, 1/4 T, 1/2 T, 3/4 T, VB
(all W )

PCA53 11/19/81 12/13 235U TSF, TSB, PVF, 1/4 T, 1/2 T, 3/4 T, VB
(all MP)

i PCAS4 11/19/81 12/13 238U TSF, TSB, PVF (all +75mm, MP, and -75m)

: a. 1/4 T, 1/2 T, and 3/4 T refer to depths in a PVS of total thickness, T. The other acronyms are
defined as follows: Simulated Surveillance Capsule (SSC); Thermal Shield Front (TSF); Thermal

|
Shield Back (TSB); Pressure Vessel Front (PVF); Void Box (VB); and Mid Plane (MP).

- -
_ _ - _ _ _ _
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Table 2. SSTR Fission Rates Measured in the PCA 12/13 Configuration

Fission Rate
f/ atom /(core neutron)

Location Distance From Core (cm)* 237Np 238U

TSF 12.0 8.23 x 10-30 3.2% ---

TSB 23.8 7.78 x 10-31 2 3.2% ---

PVF 29.7 3.23 x 10-31 3.2% 6.75 x 10-32 1 4.0%
1/4 T 39.5 1.23 x 10-31 1 3.5% 1.82 x 10-32 2 2.6%
1/2 T 44.7 6.45 x 10-32 1 5.4% 7.81 x 10-33 1 2.6%
3/4 T 50.1 3.46 x 10-32 3.2% 3.36 x 10-33 1 2.6%
VB 59.1 1.01 x 10-32 1 3.3% 1.01 x 10-33 1 2.6%

* Distance from inner face of core aluminum simulator (or window).

_
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Table 3. Comparison of SSTR and Fission Chamber Measured Fission
Rates for the PCA 8/7 Configuration.

Isotope Location Fission Chamber SSTR Ratio (SSTR/ Fission Chamber)*
f/ atom /(core neutron) x 1031

237
Np 1/4 T 7.83 1 2.9% 7.45 1 4.6% 0.951 1 0.052

1/2 T 4.34 2.9% 4.20 5.4% 0.968 '0.060

3/4 T 2.29 2.9% 2.05 1 4.4% 0.895 0.047

Ave. 0.938 1 0.038

238
U 1/4 T 1.04 2.8% 0.951 1 2.5% 0.918 1 0.034

1/2 T 0.451 3.0% 0.421 2.8% 0.933 1 0.038 m

3/4 T 0.187 3.0% 0.178 2.6% 0.952 1 0.038 E

Ave. 0.934 1 0.017

,

*The uncertainties on individual ratios were obtained by combining the uncertainties
on the SSTR and fission chamber measurements in quadrature. The uncertainty on the
average is the standard deviation of the mean of the three ratios.

. _ - _ - _ - _ .
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Table 4. Comparison of SSTR and Fission Chamber Measured Fission
Rates for the PCA 12/13 Configuration.

Isotope Location Fission Chamber SSTR Ratio (SSTR/ Fission Chamber)*
f/ atom /(core neutron) x 1032

237
Np 1/4 T 12.6 2.9% 12.3 1 4.5% 0.976 0.044 j

1/2 T 7.06 3.1% 6.45 5.4% 0.914 0.062
3/4 T 3.70 3.1% 3.46 3.2% 0.935 1 0.045

0.942 0.032

8
0 1/4 T 1.92 1.82 2.6% 0.948

1/2 T 0.842 0.781 1 2.6% 0.928 g
3/4 T 0.350 0.336 2.6% 0.960

0.945 0.016

*See footnote for Table 3.

_______ _ _ ____--___ _ __



AMELIORATIONS DES CALORIMETRES
POUR LA MESURE DES PUISSANCES SPECIFIQUES

DEPOSEES DANS LES REACTEURS NUCLEAIRES

H.PETITCOLAS, J-J.BONNIN, P.CHENAVAS
CENTRE D' ETUDES NUCLEAIRES DE GRENOBLE

SERVICE DES PILES
85 x

F 38041 GRENOBLE.

ABSTRACT

IMPROVEMENTS OF CALORIMETERL

TO MEASURE THE SPECIFIC POWERS RELEASEO IN NUCLEAR REACTORS

Several improvements have been carried out on some calorimeters,
manufactured at CEA/CEN-GRENOBLE, to answer three main objectives :
- warrant the absolutness of measurements,
- stabilize the response,

- adapt th' sensitivity and the characteristics to the various conditions.
Several types of products are described, particularly :
- a highvolumic sensitivity calorimeter, used for absolute calibration of
thermoluminescent dosimeters, able to measure, in spite of its small
volume, a value of 2 mWg-1 with a 4% accuracy and 2% precision.
- a calorimeter with a magnesium jacket and sample.

RESUME

Plusieurs am611 orations sont apport6es aux calorimstres fabriqu6s au CEN-G
pour r6pondre & 3 objectifs principaux :

garantir le caractdre absolu des mesures,
- stabiliser la r6ponse de l'appareil,

- adapter la sensibilits et los caract6ristiques aux multiples conditions 4
Diverses r6alisations sont d6crites, en particulier :
- un colorim6tre S grande sensibilit6 volumique, servant a l'6talonnage
absolu de d6tecteurs thermoluminescents, capable, malgr6 son petit volume,
de mesurer 2 mWg-1 avec une exactitude de 4% et une pr6 cision de 2%.

- un calorimbtre 6 paroi et A 6chantillon en magn 6sium.
..........................................................................

A vertissemen t : Ce document est la reproduction d'une affiche
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RAPPEL SUR LE PRINCIPE DE FONCTIONNEMENT

La puissance sp6cifique P/m (en Wg" ), d6pos6e par les rayonnements dans
l'6chantillon, 616ve so temp 6rature Ode Gottemp6rature ext 6rieure de
refroidissement) 6O (temp 6rature 6 l'6quilibre).

g

- Voir la planche "Calorim6tre type GRENOBLE" -

On montre que :

O
P e C(0)

0"

m T(0)
0o

avec C(0) chaleur sp6cifique de l'6chantillon (en Jg-I *C'').
T(0) constante de temps du calorim6tre (en seconde), mesur6e

apr6s un 6chelon de puissance 61ectrique ou nuc16 aire.
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T. Pineira, l.aboratoire d'litude des Combustibles Irradi6s

C.I..N./Saclay, 91191 Gi f Sur Yvette,1:rance

RiiSIMii

A partir de mesures t ransversales gamma d'un 616 ment combus-
tible cylindrique, le progranine T(MXLb1 reconstitue la distribu-
tion des prodsits de fissions dans une section.

Cet te m6thode directe, rapide, non destructive, pennet S
tout moment d' avoir acc6s au comportement du combustible :

les produits de fission solubles dans la matrice repr6sentent.

le combustible lui-m6me et la r6 partition des fiss. ions ;
les 616ments migrants renseignent sur les temp 6ratures attein-.

tes selon les puissances pennises ;
les nucl6 ides volatils s'acctanulent en des points particuliers.

on les ph6 nom 6nes physico-chimiques d' interaction combustible-
gaine sont susceptibles de corroder cette derni6re.

Ainsi, la spect rom 6trie ganina 6tenil ses possibilit6s d'ana-
lyse relatives aux perfonnances des 616ments de r6acteurs.

PRl!SINFATION

La compr6hension des m6canismes entrainant les ruptures de gaines
et la connaissance du comportement du combustible sont l'un des centres
d' int 6r6t actuels, inh 6 rents A l'optimisation des performances des 616-
ments de r6acteurs. 11 est donc n6cessaire de surveiller l'6 volution des
temp 6ratures dans le combustible et les modifications de structures.

Si ces informations existent dans le combustible et si l'on peut
les mesurer, on saura r6pondre aux questions pos6es. Si ces renseigne-
ments peuvent 6tre obtenus au long de la vie en pile, sans d6mant0lement
ni s0paration chimique, on connaitra la dynamique rigoureuse des ph6no-
m6Hes.

311
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Or, il se cr6e, par fission, toute une gamme de produits de
fissions ayant leurs propri6t6s sp6cifiques ; certains sont corrosifs;
d'autres gazeux peuvent induire des contraintes m6caniques. 1.a plupart
sont caract6ris6s par des isotopes radioactifs 6metteurs gamma, p6n6-
trants et d'6pergie s61ective ; leur localisation dans l'espace et
l'6volut ion dans le temps peut 6tre connue par spectrom6tric ganna.
En particulier, la r6 partition au sein d'une section droite peut 6tre
connue par une transposition des proc 6d6s de tomographie m6dicale n
la gannam6trie. Tel est le but du programme TGOGAM d6velopp6 n Saclay
et pr6sent6 dans ce rapport.

PFAl.ISAfION

1.es r6acteurs exp6rimentaux sont 6 quip 6s d' installations de
gannam6trie.

A Saclay, sur un mur de la piscine OSIRIS, un support pour
dispositifs experimentaux est anim6 de mouvements continus altern6s'

devant un collimateur d'ouverture variable. Un calculateur coordonne
le d6 placement de la table et l' acquisition des donn6cs [1]. A tout
moment, il est ais6 d'y mesurer, localiser et saivre l'6 volution des
produits de fission, en corr 61ation avec les variations de puissance
et la co.nbustion massique maximum possible.

Des mesures longitudinales sont r6alis6cs couramment. I.es
inhomog6n6it6s sont directement d6celables et facilitent le choix ,

des zones n 6tudier.

Des mesures transversales sont effectu6cs et notre propos est
d'obtenir la cartographic des produits de fission dans une section.

1.a faqon la plus concrete de prouver la validit6 du code nous a
sembl6 6tre la comparaison de ces examens avec les mesures destructives
des m6mes 6chantillons r6els. A cet effet, le LECI dispose d'installa-
tions performantes qui ont permis d' assumer completement cette qualifi-
cation.

METHUDl:

Etant donn6 un conbustible cylindrique d' axe vertical, on effec-
tue un balayage horizontal.

1 'act ivit 6 gamma d6tect6e pour un nuclide, n chaque pas de
scrutation, r6sulte de la concentration locale 616mentaire recherch6e
mais aussi du volume 6metteur vu par le collimateur, qui change n cha-
que pas (Fig. 1), de l' auto-att6nuation pour ce volume et de l'att0-
nuation dans les structures.

lin code est donc n6cessaire pour 6 valuer la r6 partition des
6metteurs gamma dans la section n partir de projections mesur6cs sous
diff6rentes incidences.
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Dans l'hypothbse d'une sym6trie de r6 volution, la concentration
de chaque 616 ment peut 6tre calcul6e depuis les couches ext 6rieures
vers l' int 6rieur avec une seule exploration [2, 3, 4].

Dans le cas d'anisotropie, plusieurs balayages 5 diff6 rents
angles de vue sont n6cessaires, ainsi qu'un traitement plus complexe.
Ce travail a 6t6 r6alis6 en tomographie m6dicale [5, 6].

La nature des crayons combustibles pennet d'6mettre des hypoth6ses
simplificatives qui ont facilit6 l'61aboration du code pluridimensionnel
TOMOGN! [ 71 :

. la g6cm6trie est connue et le faisceau gama est paral 161e
(d6tecteur loin du canbustible),

la migration ne concerne que la localisation d'6 mission des P.F..

dans le milieu qui est consid6r6 comme homog6ne pour le calcul d'autoatt6-
nuation.

Le nombre des projections n6cessaires est alors r6duit. En effet,
nous abandonnons les m6thodes analytiques, classiques et rigoureuses,
qui exigent un grand nombre de projections, pour utiliser une m6thode
it6rative de moindres carr6s, n6cessitant moins de mesures.

1.'algorithme est bas 6 sur la minimisation des 6 carts entre les
projections,mesur6es P(k,0) et celles calcul6es R(k,0). A titre d'exem-
plc, S la nieme it6 ration :

fR ")(k,0) [ I 0A ") x f=

1,j 6 k i,j i,j

on, suivant la figure 2 :
0 est l' angle d'un examen
k est l'indice courant d'une projection
A est l'activit6 de la cellule concentr6e au point deg'3

coordonn6cs(i,j) ; elle sera consid6r6e ou non dans la
projection selon que le centre appartient ou non S la bande
d611mit6e par la collimation

fe est le facteur d'att6nuation qui entre dans la contributien
I'3 de la cellule (i,j) n la projection

Consid6 rant l' ensemble de toutes les projections, la somme des
6 carts s'6 crit :

I f 2T ") { E [ P(k,e) - R ") (k,e) 1
0A o' (k,0)

oQ c(k,0) repr6sente l'6 cart-type dans la mesure de P(k,0).
fI e passage aux valeurs A " ) de la (n+1)Ib*" it6 ration s' effec-

tue en deux temps. i,j
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Tout d'abord, prenant isol6 ment lacellulecouranted'activit6A$"l,
''3

on recherche la correction d'activit6 A(n) A ,hes projections qui, dansi S lui apporter pour
ryndre minimale la songne partielle des 6 carts
Tin) se trouvent seulement concern 6ee par la cellule de coordonn6es (i,j).
Ir calcul est alors ef fectu6 successivement pour toutes les cellules. I:n-
suite, pour arriver aux activit6s des cellules de la (n+1)teme it6 ration.

Posant :
A(n+1) = A(n) 6 x A(n) A. .&

l'3i,j i,j

on recherche, pour l' ensemble des llules, la valeur de 6 qui rend
minimal l' ensemble des 6 carts Tl"* sur la totalit6 des projections.
6 est un coefficient dit d'amortissement qui, pennettant de lier les
activit6s des cellules entre elles, acc61&re la convergence.

Pour d6 marrer le processus it6ratif, une r6 partition initlale
d'activit6s est int roduite. lille peut 6tre 61 abor 6e S partir d'une
analyse t ransversale trait 6e en r6 volution sym6trique, line r6 partition
homog0ne donne de bons r6sultats en convergeant t rns rapidement.

Des travaux similaires sont d6velopp6s par le Service des Piles
de Grenoble [8].

RIiSill. TATS (Fig. 4 )

1.e r6sultat est une matrice de r6 partition de densit6 pour chaque
point du r6seau d6 coup 6 dans la section. 1.a repr6sentation graphique,
sous fonne de courbes d'isoconcentration, facilite l'interpr6tation et
est directement comparable aux r6sultats 6ventuellement obtenus par
m6thodes dest ruct ives (Fig. 3) .

On peut obtenir le t rac6 d'un profil dans une direction quelcon-
que prise sur la section du combustible. On dispose des valeurs num6ri-
ques des concentrations de 24 profils pris tous les 15 , ainsi que les
profils moyens.

QUAL.IFICATION

1.e but est de confronter les r6sultats des mesures non destruc-
t ives obtenues par le code avec ceux des examens destructifs portant
sur des 6 chant illons pr61ev6s apr0s t rongonnage aux m6mes cotes et
effectu6s au 1.aboratoire d'litude des Combustibles Irradi6s [91

Gammam6t rie t ransversale

i.es courbes d' isoconcent rat ion du Cs (Fig. 3a ) obtenues par
T(MXWl, S part ir de 2 project ions S 90 , r6vblent :

la zone centrale, trns appauvrie en Cs,.

. en p6riph6rie de l'oxyde, le W s est pr6sent avec des concentrationsC
variables suivant les rayons. C'est le ph6nomane majeur relev6 par ces
analyses ; en effet , l'un des objectifs recherch6 dans la sc rutat ion
t ransversale pluridimensionnelle est de mettre en 6vidence les h6t6ro-

' g6n6it6s de concentration des P.F. volatils au voisinage de la gaine.

_ _ -
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lixamens destructifs
'

hiacrographie et spectrom6trie gamma de section obtenues par
d6 placement devant la section d'un collimateur (0,5 x 0,5 m) et recons-
titution de la r6 partition d'activit6 dans la section par Ic code ISOPROF.
I.es examens destructifs (Fig. 3b, 3c) confinnent les r6sultats et per-
mettent d'6tablir certaines corr 61ations :

137. la zone centrale, appauvric en Cs, correspond S la zone restructurde
en grains allong6s,

. la suraccumulation de 137Cs est localis6e au droit d'une fissure gaine .
Par ailleurs, plusieurs types de distribution ont 6t6 test 6s au

cours de la qualification. La comparaison des profils moyens, dont la
figure 3d est un exemple repr6sentatif, amSne les comentaires suivants :
. RNtX;Ahl donne, dans tous les cas, une bonne 6 valuation de la zone

centrale d6 sert 6e en c6sium,
. les rapports d'activit6s p6riph6rie/ centre sont g6n6ralement bien

calcul6s,
. de 16gers 6 carts, dans la zone radiale intenn6diaire, restent encore

S expliquer.

EX13tPLliS lif APPLICATIONS l10J

132Interact ion combustible-gaine : accumulation de Te-I (Fig.4)

i

A partir des images relev6es sur deux balayages S 90 (Fig. 4a), la '

132 e-1 dans la section (Fig. 4b)reconstitution de la r6 partition de T
r6vSle une accumulation sur la gaine. L' observation de la gaine d6-
voilera effectivement un d6but de corrosion S ce niveau.

I37Sligration du Cs selon la temp 6rature (Fig. 5)

Les diff6 rents niveaux de puissance relatifs aux diff6rentes
cotes d'un crayon IVR permettent d'appr6cier l'6 volution des mi-
grations.

D6pression du flux de neutrons S l' int 6rieur du combustible
Le cas des produits de fissions solubles dans la matrice est

repr6sentatif du combustible, d'6ventuelles densifications, et permet
d' avoir accas S la r6 partition des fissions. Ainsi,95 r donne une r6 par-Z
tition sans migration dont le profil moyen est celui du flux dans le cas
d' irradiation de courte dur6e, ou repr6sente la densit6 de fission des
derniers mois d' irradiation.

CONC 1US10N

1,e code a donc 6t6 valid 6 par des mesures destmetives. Des perfec-
tionnements sont S am6 nager mais d5s S pr6sent ces mesures directes,
rapides, non destructives, permettent de multiplier les tests et de
progresser rapidement, S moindre frais, dans la connaissance de la
tenue des crayons combustibles et de certaines causes de mpture de
gaine.

.. . ._
_ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - _ _ _ _ _ _ - _ _ _ - _ - - _-
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N0lNEAUX DEVELOPPENENTS DE LA DOSI?!ETRIE DES D0hNAGES
i

PAR TEGINIQUE 'IUNGS'IENE (W)
!

;

A. Albennan, J.P. Genthon,
;
,

SPS, CEN/Saclay, 91191 Gif Sur Yvette, France
| li.J. Nolthenius, W.L. Zijp

ECN, PB 2, 1755 ZG Petten, Netherlands

!

RESU5tE

i La bonne coh6tence entre les r6ponses des d6tecteurs de damages 3
variation de r6sistivit6 61ectrique GA511N et TungstBne, et leurs,

"

fonctions de dommages th6oriques (dpa), avait 6t6 montr6e au 3Bme
i Symposium ASB1-EURAT0f t (Ispra,1979). Les r6sultats obtenus depuis
j sur maquettes de cuve PhR indiquent que l' effet des neutrons de
; basses 6nergies ( < 1 SteV) est sous estim6 dans le cas du tungstBne.
4 AprBs avoir rappe16 les principaux r6sultats exp6rimentaux obtenus

dans differents r6acteurs, on donne la meilleure 6 valuation, 3 ce
jour, de la fonction de domages applicable au d6tecteur W, obtenue3

', par ajustement math 6matique. Cette fonction correspond a un seuil
effectif de dommages de 0,3 fleV environ.

4

; SU5t!ARY

. Good consistency between GA51IN and tungsten damage monitors (based
j upon electrical resistivity change) and corresponding theoretical

damage models was given at the 3rd ASDI-EURATOM Symposium (Ispra,
;

) 1979). Results obtained since then in pressure vessel mock-ups show
enhanced contribution of low energy neutrons (< 1 hieV) in tungsten.,

j Main results in various reactor positions are sumarized. We give
. best estimate of mathematically adjusted damage function applicable
! so far to the W detector. Corresponding effective damage threshold -

worth about 0.3 SteV.
'I

:

i

e
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00SIMETRIE DES DOMMAGES

LA FLUENCE DE NEUTRONS INTEGREE
DANS UNE 1RRADIAT10N EN PILE DE MATE-
RIAUX DE STRUCTURE EST GENERALEMENT
MESUREE PAR DETECTEURS D' ACTIVATION.

LA TECHNIQUE PRESENTEE ICI CONSISTE
'

A ETALONNER CES DETECTEURS A FAIBLE
NIVEAU PAR Dis DOSIMETRES DE DOMMA-
GES A EFFET PHYSIGUE ( VARIATION DE
RESISTIVITE ELECTRIQUE )DANS TOUT
SPECTRE DE NEUTRDNS.

DU RAPPORT MESURE DOMMAGES /ACTI-
VATION ON DEDUlT DIRECTEMENT LA FLU-
ENCE DE DOMMAGES (D P A ) DANS LE DIS-
POSITIF D' IRRADIATION

LE DOSIMETRE TUNGSTENE COMPLEMENTAIRE .

'
DE CELUl AU GRAPHITE (G A. min ) EST RE-
PRESENT ATIF DES EFFETS D' IRRADIATIONS
DANS LES MET AUX ET EN PARTICULIER
LES ACIERS.

DAMAGE DOSIMETRY

INTEGRATED NEUTRON FLUENCE
RECElVED BY IRRADIATED STRUCTURAL
MATERIALS IS USUALLY MEASURED BY
MEANS OF ACTIVATION MONITORS.

"
THE PRESENTED TECHNtaVE CONSISTS

IN A LOW-LEVEL CAllBRATION OF THESE
MONITORS THROUGH RADIATION SENSITIVE
DAMAGE DOSIMETERS (ELECTRICAL RESISTI- FIG.1 DETECTEURS DE DOMMAGES

VITY CHANGE)lN EACH NEUTRON SPECTRUM
FROM ACTUALLY MEASURED DAMAGE /

ACTIVATION RATIO THE DAMAGE FLUENCE
(OR D.P. A.) IS DIRECTLY DERIVED IN THE
IRRADIATION DEVICE.

THE TUNGSTEN 00SIMETER, AS A

COMPLEMENT OF PREVIOUS GRAPHITE 0051-
METER (G.A.M.I.N.) ,15 REPRESENT ATIVE OF
RADIATION EFFECTS IN METALS ,PARTICU .

"

LARLY IN STEELS.

_ -____-________ - _
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PRINCIPE DESCRIPTION

LE DOSIMETRE W EST UNE RESISTANCE
ELECTRIQUE (10) A 4 BORNES , RECUlTE 0051 METRE W CONTENEUR

ET ENCAPSULEE SOUS VIDE DANS UNE (FACULTATIF)
ENVELOPPE EN ALUMINE ( //6 /) LONGUEUR 31mm 39 mm

LA VARIATION RELATIVE DE RESISTIVITE S mm 6,5mm
SOUS FLUX:

GAMME D'UTillSATIONp

TEMPERATURE
EST MESUREE PAR DIFFERENCE AVANT ET AUCUN EFFET ENTRE :'5 - 300 *C
APRES IRRADIATION DANS UN LABORAT01-
RE SPECIALEMENT EQUIPE A SACLAY _ VARIATION DE RESISTIVITE

ENCEINTE THERM 0STATEE

. BAIN D'HUILE REGULE ( 10 3 .C ) 4.10 -' *G AR / R 4 4.10-3
4 0 pn 4 AR S 4000 pnn

.COMPARATEUR AVEC ETALONS (10 'n)
"CONDUCTIMETRE" SPECIAL-

_ FLUENCE DE DOMMAGES CORRESPON-

LA FLUENCE DE NEUTRONS EST MESUREE DANTE.

PAR L'ACTIVITE EN CO'' DES DOSIMETRES 7.10 8 4 4 W < 7.10" n.cm -2
NICKEL ANi : REACTIONS (n.p) /ATOME CIBLE

_ COMPATIBLE SIMULTANEMENT AVEC
ON OBTIENT UN RAPPORT EXPERI-

MENTAL SANS DIMENSION : LE DOSIMETRE GRAPPITE (G. A.M.I.N )

S = 10'' (AR/R ) PRECisl0N M0YENNE 10:5%
I 6 005| METRES I

^ "i
_ ENVIRON 300 00SIMETRES W ONT ETE

CARACTERISTIQUE DE L' EMPLACEMENT UTillSES A CE JOUR.
D' IRRADIATION.

PRINCIPLE
DESCRIPTION

THE W DOSIMETER IS A 4 CONTACTS
ELECTRICAL RESISTANCE (10), ANNEALED DOSIMETER CONTAINER

AND VACUUM SEALED INSIDE AN ALUMINA (OPTIONAL)

COVER (FIG 1) LENGTH 31 mm 39 mm
e 5mm 6,5 mm

RELATIVE RESISTIVITY CHANGE

AR/R RANGE
IS NEASURED BEFORE AND AFTER 1RRADIA- _ TEMPERATURE
TION IN A SACLAY LABORATORY

_ THERMALLY INSULATED ROOM
NO DEPENDANCE UP TO 300'C

_ RESISTIVITY CHANGE
_ CONTROLLED OIL BATH (10-3 *Cl
_ ELECTRICAL COMPARATOR (10-' D)

4,10 -' < A R/R < 4.10 -3
OR 400pn < AR < 4000 yf1_ SPECIAL MEASUREMENT DEVICE

_ DAMAGE FLUENCE
NEUTRON FLUENCE IS MEASURED 7.10 4 @w < 7.10" n.cm - 3

5

THROUGH NICKEL FOILS ( C05' ACTIVi!Y) _ SIMULTANEOUS COMPATIBILITY WITH
THE GRAPHITE DOSIMETER (G.A MIN.)A y; :(n,p) REACTIONS / TARGET ATOM

WHENCE EXPERIMENTAL DIMENSIONLESS
_ >CCURACY tcr < 5% (6 SAMPLES )

RAT 10 :
OVER 300*W~ DOSIMETERS HAVE

5 : 10 -5 (AR/R i corr.
A n;

TYPICAL OF IRRADIATION POSITION.

.

_ _ _ _ . _ . _ . _ . . _ - _ . _ _ .
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REPONSES

REACTEURS SPECTRES *S* *r*
TUNGSTENE G. A.M.I.N.

OSIRIS COEUR 4.97 3.18
/ ISIS BERYLL. 6.76 4.28

'NA Y/ REFLECT. 4.41 2.92

E.L.3 /seasrs COEUR 5.32 4.04

SURVEILL. 6.29 3.40
TRITON

POS. AV. 5.53 3.86ggggy
1/4 6.86 4.94"

'"### ## 1/2 9.84 6.81
"

SURVEILL. 8.48 7.000.R.R
P05.1/4 11.7 8 9.24pse

/ oar-wart / P05.3/4 27.60 24.16

MELUSINE STANDARD 5.39 -

/carg a r/ SPECIAL 11.0 4 -

F R J 2 '"..
COEUR 5.88 4.04

"#
FRJ1 SPECIAL * *

H.F.R />vtres/ 10 EXP. * *

* EN COURS

Tableau I - R6sultats de dosim6tries

_ _ _ _ _ _ _ _ _ _ _ _
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|

QUAllFICATION DE LA REPONSE 'S'

LE TABLEAU 1 RECAPITULE LES
PRINCIPALES DOSIMETRIES.
LA BONNE COHERENCE ENTRE REPONSES

GRAPHITE & TUNGSTENE DANS DES SPEC-
TRES NEUTRONiaVES VIE) DIFFERENTS
PERMET DE VALIDER UNE FONCTION DE
DOMMAGES W IE):

e W(E) 9(E) dE yrw
DAR. - = * = p.s.**

[, %(E) 9tE) dE W "3
Ill#G31ENE-

A PARTIR DU FLUX DE FISSION EQUIVA- '

LENT GRAPHITE (REFERENCE): .

DAR. = 0.50 ( 2 0.01) . T ia ,/

LA FIGURE 2 MONTRE LES REPONSES /
S = fonction DE F EN GECMETRIE P.W.R.
WlE) DOIT VERIFIER CETTE RELATION ORR
DE SORTE QUE p = CONSTANTE. . Dem

sam r'

| 1 N

GUAliFICATION OF RESPONSE 'S' a *e
r

@Ni Expe. imentalr
MAIN 00SIMETRY RESULTS ARE

| SUMMARIZED IN TABLE 1.
, f,UKNDL dpa* ENDF dpa

GOOD CONSISTENCY OF GRAPHITE AND

_ ,

''

TUNGSTEN RESPONSES IN DIFFERENT
, . -
''

SPECTRA 9(E) ALLOWS DAMAGE FUNCTION ,.- [' O'

W (E) VALIDAT10N . g/,'

,y '/ /W
,

fWlE) 9(E) dE yr 1 10

Nie w , , 2

DAR=- =* .f = p.s**
[, % (EI TIE) dE W Fig. 2 - R6ponses dans les

CONSIDERING EQUIVALENT FISSION simulateurs de cuve
FLUENCE IN GRAPHITE AS A REFERENCE : P.W.R.

DAR = 0 50 ( 2 0 01) . r

PRESSURE VESSEL M0CK-UPS RESDON-
SES S VERSUS r ARE SHOWN IN FIG. 2

W(E) SHOULD FIT THIS CURVE
PROVIDED @= CONSTANT

t
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FONCf10N DI IOM\GliS POUR I.li Dl!TECTEUR W

fonction de dommages th6orique (dpa) :
La correlation des rEsultats du tableau I avec le mod &le th6orique

de 16 placements atomiques (W dpa) aboutit n la valeur moy-ne de la cons-
tuute .

dpa = 0,247B

La dispersion moyenne sur tous les spectres est de 61, (1 c).
lille est nettement plus 61evde dans les spectres de maquettes de cuve PWR.

I.a figure 2 montre clairement que la dosim6trie par utilisation des
rapports dommages/ activation est conservative mais aussi que la fonction
th60rique sous-estime l'efficacit0 relative des neutrons de basses 6ner-
gies (inf0rieures n 1 MeV).

Fonetion de dommages ajust6e :
Les spectres calcul6s retenus pour valider une proc 6 dure d'ajuste-

ment sont ceux qui, pr6cis6 ment pour les dosim6tries, conduisent aux
rapports donnages/ activation effectivement mesur6s dans le graphite
(fluence de donnages de r6f6rence). Le choix de spectres diff6 rents
pennet de discriminer telle ou telle fonction de donnages. Le meilleur
jeu de spectres retenu est ainsi :

TRITON-DOMPAC (3 cas) ISIS-COEUR HU.2 COEUR

Calcul : TRilOLl(SKNfli CARID) APOLID ANISN

Les 2 modales d'ajustement d6crits ci-dessous sont indiqu6s sur
la figure 3.

a) mod &Ee semi-empinique :
On corrige la fonction W dpa par addition d'un tenne proportionnel n

la fonction graphite G dpa. L'optimisation (o < 11.) conduit n :
| WS.L. (ii) = 0,38 Gdpa (ii) + 0,62 Wdpa (ii).
,

1

et S ,g;, = 0,28.g

b) mod 0te matMmatique pat deconvotation :
On utilise le code SAND 11 avec, pour fonction d'essai, W dpa.

i i.e calcul est effectu6 sur 640 groupes d'6nergies avec une optimisation
l (valeurs exp6rimentales retrouv6es S mieux que 1 i, sur les spectres)
| sur 40 it6 rations.
'

l.a fonction r6sultante WexO6r6e conme la meilleure 6 valuation (ii) est tr6s coh6rente avec la pr6c6-dente (fig.3) et peut 6tre consi
actuelle de la fluence de dommages dans le tungstanc. On aura ainsi
pour tous les spect res -

0 W[U 0,27 (+ 0,01 ) .S=

0 .N i
-

La r6 partition 6nerg6tique de la fonetion Wexp (dans le tableau IIii) nonnalis6e sur
spectre de fission ( < W (Ej>f = 1) est donneeex
(d6coupage en 6nergie stal$dard MUFF). Elle correspond n un seuil effectif

|

de dommages de 0,3 MeV en" iron.

|
|

|
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i- A - NICKEL
109

8 8 - GRAPHITE
7

6 C - D.P. A .......

5-
D - DECONVOLUTION PAR SAND || -- >

4-

E - FONCTION PONDEREE GRAPHITE *- *

.
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I;ig. 3 - Fonctions de domm:iges nonnalis6es sur le spectre de fission
(sans dimension)
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Energie Fonction resultante Edea) 11
j Groupe au

exp (E)N (limite inf6rieure) W

.
14 bbV

| 0 0,338 10 1,1595

| 1 0,25 7,788 1,6034

; 2 0,25 6,0653 2,0617

3 0,25 4,7237 1,6090

! 4 0,25 3,6788 1,3999-;

5 0,25 2,8650 1,3075
,

1 6 0,25 2,2313 1,1682

I 7 0,25 0,7377 1,0290

| 8 0,25 1,3533 1,0540

| 9 0,25 1,0540 0,8704

10 0,25 0,8208 0,8448
i

| 11 0,25 0,6393 0,7293

|
12 0,25 0,4979 0,6843

! 13 0,25 0,3877 0,6712

| 14 0,25 0,3020 0,5106
' 15 0,25 0,2352 0,4229

16 0,25 0,1832 0,3553

.
17 0,25 0,1426 0,3033

| 18 0,25 0,1111 0,2528

! 19 0,25 86,52 kev 0,2206

20 0,25 67,38 0,1452'

21 0,50 40,87 0,1015
! 22 0,50 24,79 0,0709

i 23 0,50 15,03 0,0419

24 0,50 9,12 0,0227

25 0,50 5,53 0,0123,

26 0,50 3,35 0,0063

27 0,50 2,03 0,0014

28 0,50 1,23 0,0007

29 0,50 0,75 0,0003

30 0,50 0,45 0

1
!

Tableau H - Fonction de dommages pour le d6tecteur N normalis6e sur ,

;
ile spectre de fission
i

i e

1

!

!
!

!
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CONCLUSION

I.es r6sultats de dosim6tric pr6sent6s montrent la validit6 de
la technique desd6tecteurs de dommages n variation de r6sistivit6
61ectrique pour d6terminer exp6rimentalement une fluence de dommages.

1.a pr6 cision des mesures a permis de d6tenniner une fonction
de donmage applicable au d6tecteur W par m6thode de d6 convolution.1.a
corr 61ation des effets d' irradiation dans les m6taux irradi6s et parti-
culiBrement les aciers, dans des environnements neutroniques diff6 rents,
n l' aide de.cette fonction, doit permettre sa qualification en tant que
param0tre d' exposition.
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An Investigation into the use of Sapphire

as a Fast Neutron Damage Monitor

G.P. Pells, A.J. Fudge, M.J. Murphy,
and M. Wilkins

Metallurgy and Chemistry Divisions

A.E.R.E. , liarwell, United Kingdom.

Abstract

The thermal stability of aluminium vacancies (V centres) and
interstitials in a-A1 02 3 (sapphire) has led to the consideration of this
material as a pressure vessel steel damage monitor. Polished sapphire
blocks have been fast neutron irradiated to fluences of
1017 - 2 x 1019 n./cm2 (En > 1 MeV) at temperatures of 60, 250 and
2900C and in different neutron spectra. Measurements of optical
absorption in the V band gave a non-linear response with dose which was
independent of irradiating temperature and for dose expressed in dpa,
was independent of the irradiating neutron spectrum. The sensitivity
and sources of error of this technique for measuring neutron dose in
steels are discussed as are the conditions required to develop a
practical reader.
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1. Introduction

The final damage state of any material subjected to fast neutron
irradiation is governed by the following factors; neutron energy spectrum,
neutron fluence, the irradiation temperature, the chemical composition of
the material and possibly the neutron flux or dose rate. The spectrum and
fluence are the major determinants of the number of displacements per
atom (dpa) that occur in the irradiated material, although the final
damage state can be influeni . by quite small variation in the chemical
composition and irradiation temperature as well as dose rate by varying
the recombination rate of Frenkel defects and by altering the stability
of the various sinks for interstitials and vacancies.

The simple statement of de a neutron fluence greater than some
arbitrary energy is now consio. 'o be inadequate and it is thought that
dpa should be used as the measure of damaging dose received by irradiated
materials (II. Solid state devices for the measurement of dpa are being
increasingly studied and in this paper we show that sapphire '(single
crystal a-Al O ) has a suitable combination of physical and chemical23
properties, coupled to its radiation damage behaviour, to allow its
use as a dpa monitor for steel.

Sapphire is available with high purity at moderate cost. It is very
hard, (9 on the Mohr scale of hardness where diamond is 10), is
mechanically strong and does not have any cleavage planes. It is very
inert chemically such that polished surfaces are unaffected by heating in
vacuum, oxidising or reducing atmospheres at temperatures up to 15000C.
Aluminium and oxygen nuclei are equally stable to neutron irradiation;
each has a very small capture cross-section for pile neutrons and
specimens may be safely held in the hand within a few days of irradiation
to 1020 n./cm2 All of these properties make sapphire an ideal material
for use in the hostile environment of a nucis 'r reactor.

The radiation damage behaviour of sapphire exhibits equally valuable
features. Doran and Graves (2) show that iron and aluminium have similar
displacement cross-sections as a function of neutron energy and there is
considerable evidence that most of the defects produced by displacement
damage are immobile at moderate temperatures. Isochronal annealing of
radiation induced colour centres has shown that most centres are stable
below 2500C except for the F centres (two electrons trapped at an oxygen
vancancy) which start to anneal at 2000C and then proceed to anneal
out in several stages until annealing is complete at 7000C (3). The
aluminium vacancy centres (V centres) are much more stable. They do not

start to anneal until temp (eratures > 4000C have been reached and have not
fully annealed at 11000C 4,5) There is also evidence from electron.

microscope studies of irradiated sapphire that point defects do not
aggregate below - 5000C for damaging doses of < 1 dpa. (6,7) Wilks(8) has
examined sapphire by electron microscopy followir.g reactor irradiation at
150 and 650 C. After irradiation at 1500C to 5 x 1019 n./cm2 (~ 0.05 dpa)
no damage at all could be seen in the microscope and anneals of
> 12000C were required to produce dislocation loops of 2-10 m diameter.

J
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Thace results from reactor and HVEM irradiated sapphire suggest that
2below 1019 n./cm (0.01 dpa) and 5000C the displacement damage on the

aluminium sublattice remains as discrete vacancies and interstitials.

There are a number of techniques by which the presence of aluminium
vacancies or interstitials may be monitored. X-ray lattice parameter
measurements have been extensively used to follow radiation damage in
oxides (9) and in the case of high purity sapphire, precision lattice
parameter measurements capable of resolving changes of 1 part in 106
would allow radiation damage changes to be observed from - 1017 n/cm2
upwards. Unfortunatelv such measurements would also reflect changes in
the oxygen suLlattice which are expected to be temperature sensitive

0above 200 C.

Two types of paramagnetic, aluminium ion defect pairs have been
detected b electron spin resonance in reactor irradiated sapphire (10)

7using the Al hypertine structure but it was thought that the aluminium

ion pairs were probably related to some impuritz as the defect concentration
saturated af ter neutron doses of 3 x 1017 n./cm .

Optical spectroscopy may be used to detect the aluminium vacancy
centre (V centre) and has thc advantage that, although several types of
V centre are thought to exist, they overlap and are all summed in one
broad absorption band - the V band. In the following sections we shall
present the results of experiments in which the effects of neutron dose,
neutron spectrum, irradiation temperature and post-irradiation behaviour
upon a limited region of the optical absorption spectrum of sapphire are
examined.

2. Experimental Procedure

Specimen preparation and irradiation

The sapphire specimens were obtained from the Union Carbide Corp.
In the form of 2mm x 3mm x 10mm rectangular blocks cut from a U.V. grade,
single crystal boule. Two opposing 3mm x 10mm faces were polished to an
optical finish to give an optical path length of 2mm. The sapphire
specimens were wrapped in aluminium foil and sealed in a helium filled
stainless stec1 can along with Ti, Fe and Ni fast neutron activation
monitors. The aluminium foil wrapping served to provide good thermal

'
contact between the sapphire and stainless steel can. The cans were
irradiated in the HERALD swimgang pool reactor at Aldermaston over the16 Idose range 3 x 10 - 2 x 10 n/cm2 (E > 1 meV) at positions of known
neutron spectrum. The irradiations were performed at the reactor pool
temperature of 600C and in gamma-heated copper and iron blocks at 250 C0

i or 2900C. Fifteen similar sapphire blocks were cut and polished at
Harwell for irradiation in the Oak Ridge pool-side-facility (PSF)
irradiation positions. This was part of the LWR Pressure Vessel
Surveillance Dosimetry improvement programme. To date, specimens
from the 19 day test irradiation have been examined from the surveillance
capsule, 1/4T, 1/4T (o f fset) , 1/2T and 3/4T positions. As well as

<
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encountering differences of neutron energy spectrum in these positions,
differences in dose rate of up to about 100 also occurred. These
irradiations were carried out at 2900C. A few specimens have been
gamma-irradiated in the spent fuel pond at Harwell to doses of ~ 1000
Mrad. to investigate any gamma ray damage effects.

Neutron dosimetry

The Ti, Fe and Ni foils included in the irradiation capsules give
only a small range of neutron activation energy responses. The induced
radioactivity in the dosimeter materials was measured using a Ge (Li)
detector and suitable pulse processing equipment. The gamma ray spectrum
obtained for each dosimeter material was' analysed by using GAMANAL

'

computer code and the absolute disintegration rate was evaluated by
comparison with calibrated sources of the same nuclides. To convert
these activities into fluences it was first necessary to compute an
integral cross-section for each reaction using the differential neutron
reaction cross-section and a calculated neutron energy spectrum for each
irradiation position. The integrated dose or fluence was taken as the
mean value for the Fe54 n,p Mn54, NiS8 n,p Co 8 and Ti46 n,p Sc46 reactions.S

'Displacement cross-sections were calculated for sapphire using the RECOIL
code. The fluence is calculated from the measured activit ies using the -

following relationship:-

Total = N O ~ ~

Eff e

where @ Total is the fluence of neutrons in the energy range specified
A is the activity or disintegration rate of the monitor nuclide

measured and corrected for decay

N is the number of atoms of the target nuclide originally
present assuming that the change in the number of atoms
during the irradiation is small.

O is the effective integral cross-section for the nuclear
Eff

reaction over the specified energy range for the neutron
spectrum existing at the irradiation position.

A the decay constant of the radioactive product nuclide

,A = y where Tg is the half-life of the nuclide)(

t is a composite time-power factor for the irradiation.

Optical measurements
,

The optical absorption spectra of the polished sapphire blocks
were measured in a Cary 14 dual beam, spectrophotometer. The optical
density is given by loggo (Eo/I), where I is the incident lightn
intensity and I is the intensity remaining after the light has passed
through the specimen. The dimensions of the sapphire blochs were
chosen so that there would be no obstruction of the spectrophotometer
light beam at full aperture. The specimens were accurately positioned

__
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by a purpose built holder that also prevented stray light from
by-passing the specimens. Toe reproducibility of the absorption
measurements was + 0.002.

_

Before canning and neutron irradiation the absorption spectrum of
each specimen was recorded over the wavelength ra:.ge of 185-750nm. A
few samples also had the near infra-red spectra measured from 750-2500nm.
Following neutton irradiation the specimens were decanned and exposed to
daylight for a few weeks to allow optical equilibrium to be reached
before remeasuring the absorption spectram as it has been shown by
Turner and Crawford(4) that some of the abscrption bands could be
affected by exposure to light. The strength of the F bands in the post-
irradiation measurements were so great that the absorption spectra were
limited to wavelengths of 300-750 nm. The specimens were then
X-irradiated at 90 kV, 25 mA for 1 hour (. 1 Mrad) to saturate the colour
ceatres and the optical absorption remeasurtd within a few minutes of the
cessation of X-irradiation.

3. Results

The effects of reactor irradiation upon sapphire is to change it
from a clear crystal to a yellow / brown colour and the optical
absorption spectram for a specimen fast neutron irradiated at 250 C is0

shown in Fig.l. It can be seen that below 400 nm the ultravf olet
absorption rises rapidly to unmeasurably high values. This is thought
to be due to the F-type centres. The broad V-centre absorption in
the visible part of the spectrum has other absorption bands of unknown
origin superimposed upon it which peak at 455, 570 and 690 nm. The
strength of these narrow bands, particularly those at 455 and 570 nm ,
are affected by irradiation temperature. Fig.1 also shows the spectrum
obtained after X-irradiation. It can be seen that the strength of the
broad underlying V band is considerably increased whilst tnat of the
narrow bands at 455 and 570 nm are decreased. In the narrow part of the
spectrum between 600 nm and 650 nm the v band is least affected by
in+erfering bands and the measurements of optical density presented in
this paper have been restricted to this region.,

The optical density at 600 nm for both as-received and X-irradiated
specimens is shown as a function of fast neutron fluence in Fig.2 where
it can be seen that a common non-linear curve describes the results for
the three irradiation temperatures 60, 250 and 2900C. When the optical

l densities of the sapphire specimens from the short P.S.F. run at Oak"

Ridge are plotted against neutron fluence for neutron energies > 1 MeV
a markedly different set of carves are obtained as shown in Fig.3.
liowever the specimens irradiated in IIERALD were all exposed to fairly
similar neutron spectra whereas the P.S.F. irradiation involved widely -

varying neutron spectra because of the different thickness of steel

between the specimens and the neutron source. The dose in terms of dpa
was derived from the displacement cross-sections for alumir.ium in
sapphire which had been ca:culated for the various neutron spectra in
the p.S.F. array and the HERALD irradiaticn positions. Fig. 4 shows
that reasonable agreement 11 obtained between the IIERALD and P.S.F.

_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - - _
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optical data when plotted against dpa.

Specimens that had been gamma-irradiated to 1000 Mrad in the spent
fuel pond at Harwell showed no change in optical absorption for wave-
lenghts above 400 nm.

4. Discussion

The fact that the experimental points in Fig.2, for sapphire
neutron irradiated at various temperatures up to 2900C, all fall on a
common curve justifies the prediction that the aluminium defects
could be stcble at PWR operating temheratures and hence sapphire may
be used ta monitor radiation damage at these temperatures. The response
curves are nublinear even at the relatively low fluence of 1017 n./cm2
The oxygen vacancy centres (F-type centres) have been shown by Levy (3)

17to follow a linear growth up to ~ 5 x 10 n./cm2 after which further
growth becomes sublinear suggesting an approach to saturation. No
growth measurements have been reported for the V bands in sapphire
although measurements in Mgo(II) show the V bands to be still growing at
1020 n./cm2, the highest reported dose.

In the present heavily irradiated sapphire specimens it is

difficult to identify the broad V bands with certainty)because of other
overlapping bands. Levy (3) and Turner and Crawford(4 have shown that
the peak of the V band occurs between 400-450 nm. They note that the
peak shiftr with annealing temperature which suggests that there are
several overlapping V bands. The effects of X-irradiation on the

'

optical spectrum is largely to make all of the various types of aluminium
vacancy centre optically active by displacing electrons from the oxygen
ions surrounding the vacancy. At the same time it would appear to bleach
some of the unknown bands such as those peaking at 455 and 570 nm as shown,

in Fig.1. The overall effect of X-irradiation produces very little change
in the response of the optical absorption to neutron fluence but
significantly reduces the scatter for the data.

The scatter shown in Fig.2 arises from two principle sources,
although there are small but not insignificant errors from spectral
variations between HERALD irradiation rig positions. Firstly the neutron
dose measurements using activation monitors have errors which derive from
neutron spectrum calculations, inaccuracies in the activation cross-
sections, and radioactivity measurements. These are estimated to give a
total uncertainty of + 15%. Secondly there are errors in the optical
measurements caused by fading of the V centres. The scatter in the as-
received measurements are largely due to fading as the time interval
between removal from the reactor and optical measurement varied over
several weeks. The intense gamma flux in the reactor would have ensured
that all the V centres were optically active but, on removal from the
reactor, electron-hole recombination at the oxygen ions surrounding the
aluminium vacancies would make some centres optically inactive, i.e.
they will not absorb light and so be undetected by the absorption
measurements. It was expected that after an interval of a few weeks the
V centre concentration would have reduced to a metastable level so as to
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give reproducible results, but measurements over a period of
several months showed that this was not so. Consequently X-irradiation
was used to reactivate the V centres.

Unfortunately X-irradiation did not completely solve all the
problems as the initial decay following X-irradiation is quite rapid
(approximately a rate of change of optical density of 0.001/ min),
therefore the V centres were decaying at the same time as they were
being pumped up by the X-rays and 1 Mrad was required to produce
saturation in the present work although with a more intense beam a lower
dose would be required. The V centre decay meant that errors of 2-10%
accumulated in the time : equired to make an optical measurement after
X-irradiation. In a purpose built reader it would be easy to arrange
for X-irradiation and optical interogation to occur simultaneously
therefore eliminating fading as a problem. It should be stressed that
the fading phenomena, whether thermally or optically induced are purely
electronic effects and the basic defect, the aluminium vacancy, remains
perfectly stable at all temperatures below 4000C and may always be
reactivated by X- or gamma-irradiation.

The sensitivity of the present optical measurements were limited by
the accuracy and reproducibility of the spectrophotometer to 5% for a
neutron fluence of 1017 n./cm2 and to < 1% at 1019 n./cm . Variations .2

in thickness of the specimen wer about an average value of 1.99mm
but the optical absorption value,e - 1 1%can be adjusted in proportion to the
thickness deviation. If the optical measurements were the only limitation,
then, for a response given by the upper curve in Fig.2, the sapphire
monitor would be capable of giving a value for neutron dose to an accuracy
of + 1.5% at 2 x 1019 n./cm2 reducing to + 4.5% at 1017 n./cm2 Increasing
the optical path length from 2mm to 10 mm would reduce the error to less

17than i 1% at all fluences > 10 n./cm2, although it must be remembered
that a true measure of neutron dose will always be dominated by errors
in th a activation monitor measurements used at present for calibration.

Apart from the temperature stability of the V centre, the most
important aspect of sapphire as a dosimeter is its ability to take
account of variations in neutron spectrum as demonstrated in Fig.4, where
the optical density of specimens irradiated in different neutron spectra
produced a uniform response in terms of dpa. The displacement cross-
section for iron and aluminium show reasonable agreement and Fig.5 shows
the calculated number of displacements per neutron as a function of

neutronenergyforironinsteelandaluminiuminsapphgyeusingthe
displacement damage cross-sections of Doran and Graves The.

displacement threshold energy Ed was taken as 40 eV for iron and 18 eV
for aluminium in sapphire. It can be seen that displacements of aluminium
in sapphire would tend to overestimate the dose for iron in the important

Al taken105 - 106 eV neutron energy range, but the value of 18 eV for E
from Pells and Phillips(6) may be too low when averaged over
all crystal orientations. Nevertheless the overall agreement is
sufficiently good for sapphire to be considered as a potential
dosimeter for PWR steels.

_ _ - _ _ _ _
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5. Conclusions

Fast neutron irradiation of high purity sapphire produces damage
on the aluminium sublattice which may be measured by optical absorption
in the V band. The absorption at 600 nm shows a reproducible but non-
linear response with neutron fluence (En > 1 MeV) and the response was )
shown to agree for irradiation in different neutron spectra when neutron
dose was expressed in dpa. The response was also shown to be invariant
with irradiation temperature between 60oC and 2900C. Calculation of
the number of displacements per neutron for aluminium in sapphire shows
reasonable agreements with iron over a wide neutron energy range which
in conjunction with the experimental results demonstrates the potential
of sapphire as a dpa monitor for stecl.

The necessity for X-irradiation prior to the measurement of optical
absorption complicates the readout procedure and experiments are in hand
to explore alternative methods. Work is also planned to investigate
the effects of a wider range of neutron spectra, radiatio 2 temperature,
and dose rate on reproducibility; the nature of the optical absorption
bands on either side of 600 nm and the effects of impurities.
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l PHOT 0 FISSION OBSERVATIONS IN REACTOR ENVIRONMENTS
I

USING SELECTED FISSION PRODUCT YIELDS

Raymond Gold, Frank H. Ruddy, and James H. Roberts
Westinghouse Hanford Company

Hanford Engineering Developaent Laboratory
Richland, Washington, U. S. A.

ABSTRACT

A new method for the observation of photofission in reactor
environments is advanced. It is based on the in-situ observation
of fission product yield. In fact, at a given in-situ reactor
location, the fission product yield is simply a weighted linear
combintation of the photofission product yield, Y , and the neutron
induced fission product yield, Y . The weight factors arising innthis linear combination are the photofission fraction and neutron
induced fission fraction, respectively. For the fission product
yield to be a sensitive index of photofission, the selected fission
product must satisfy the condition: Yy >> Yn. Fortunately, a number
of fission products exist which satisfy this general condition.
For example, fission products on the light mass side of the low
mass fission product peak, in the region near approximately 75 a.m.u.,
generally fulfill this condition.

This method can be readily implemented with established tech-
niques for measurlag in-situ reactor fission product yield. For
example, one can use the method based on simultaneous irradiation
of radiometric (RM) and solid state track recorder (SSTR) fission
monitors. The sensitivity and accuracy of the method are estimated
using state-of-the art experimental accuracy and current knowledge
of fission product yields. Unique advantages of this method for
reactor applications are emphasized.

INTRODUCTION

Fission neutron dosimetry has been used extensively in reactor
applications. Fission product yield (FPY) monitors can determine
absolute fission rates based on the knowledge of the absolute fission
product yield of selected radiometric or stable fission products.
Fission chambers and solid state track recorders (SSTR) are more direct
methods of absolute fission rate measurements that have been used for
reactor applications. However, difficulties arise for all these fission
neutron dosimetry techniques in certain reactor environmants, when
fission induced by the gamma-ray component of the radiation field,
commonly called photofission, is non-negligible.

34s
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Concern with possible photofission contributions in fission monitors'

used for reactor neutron dosimetry has existed for some time. Indeed,
the significance of photofission in the environment of the pressure
vessel (PV) of light water reactors (LWR) was formally emphasized in

dosimetry. *{ this series of international symposia devoted to reactorthe second o
Subse uently a method using a tungsten "photofraction"

i

gaugewassuccessfulydeveiopedandused.3,4 These measurements as
5 reveal that the photofission contribution apparentlywell as calculations 87exhibits large changes for different fission nuclei, 232Th, 2380, Np,

. . . . etc., that are candidates for fission neutron dosimetry in the
LWR-PV environment. It is interesting to note that the use of SSTR
for photofission estimates was presaged at the second of these inter-
national symposia on reactor dosimetry.2

This new method, which is called the fission product yield determin-
ation of photofission fraction (FPY-PFF), is d,escribed by the next
section. The accuracy and sensitivity of this new method is then,

r

estimated. In the concluding section, the unique advantages of the
FPY-PFF method for reactor neutron dosimetry are stressed.

THE FISSION PRODUCT YIELD-PHOT 0 FISSION FRACTION (FPY-PFF) METHOD

In-situ FPY measurements have been carried out in reactor environ-
mentsusiN8 ppropriate combinations of SSTR and radiometric (RM) fissionIn the FPY-PFF method, an appropriate fission productmonitors
is tnosen so that the photofission yield Y is considerably greater
thantheneutroninducedfissionproductyIeldY. Although photo-n
fission product data is rather sparse,9 fission products exist which
satisfy this criterion. In particular, fission products in the region
near 75 a.m.u., which represent very asymmetric mass divisions, generally

Y-meet the condition Y7 >> n

be the fission product yield of such a candidate nuclideLet Yi
as measured in the in-situ reactor environment with a suitable combination
of RM and SSTR fission dosimeters. The total in-situ fission rate,<

F, observed with the SSTR is composed of a neutron induced component,
F , and a gamma-ray induced component, F , so thatn 7

F=F +f* (1)
n y

| Hence the fraction of fissions induced by neutrons and gama-rays is
simply

n = F /F (2a)
n

and
y = F /F , (2b)

,

. . . _ - - , , -- -
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respectively. Consequently, Equation (1) can be written in the form

y+n=1 (3).
;

| The observed fission product yield Yi can also be expressed in terms
of these neutron and gansna-ray fractions. One can write

yY + nY
n "i *

where Y is the neutron-induced FPY and Y is the gamma-induced FPY.
n

Equations (3) and (4) furnish a simple (2X2) system of equations
which can be written in matrix form as

[1 1 ) [y ) [1 }
(Y Y ) kn )

'

(Y )gn

The solution of this system can be obtained by applying the inverse
of the natrix

f T
, ,

NY Y| '

Y n

which is given by

[Y -1 )n
M- = (Y -Y ) * ' (7).

0 Y
(-Y 1

Y

Consequently the solution of Equation (5) is, in matrix form

(Y) IY -1\ Il \
(Y -Y )_g n=

(8)( n) (-Y 1) (Yj .

$

I' rom Equation (8), the ganina and neutron fractions are simply -

Y -Yj n
(9a)Y= y _y ,

Y n
and

Y -Y.
(9b)n= .y _y



_ _
, __ ._ _. ._

i

348
!

4

It is clear that both the photo-fission fraction y as well as the
neutron fraction n depend very simply upon the observed FPY, Y . The1

conditioning of this 2 x 2 system of equations depends upon the absolute'

value of the determinant of M, which is given by!

het M Y -Y 00) '= .
n

! Consequently one can anticipate that the accuracy of this correction
: method will improve by selecting-FPY which increase- Yy-Y In addition,n .

itishighlydesirablethatFPYbeselectedsothatg>>Y. Satisfyingn
this latter condition obviously implies good sensitivity of this methodc

i for the photo-fission fraction relative to the neutron fraction. It

has already been emphasized that such a characteristic is obviously
desirable in order to generate accurate correction of the photo-fission
fraction.

Further comment on the benchmark experiments to measure.Y and Yn y
i is warranted. The neutron yield Y should be determined in a neutronn
i spectrum which is representative of the in-situ reactor environment.
| One thereby attempts to render negligible-any change in i arising betweenn
; the in-situ neutron spectrum and the benchmark neutron spectrum.- In

.this vein, it is obviously desirable to use FPY that are less dependent
upon neutron energy while still fulfilling the _ general condition Y >>Y *y n

! As for the photofission benchmark experiments, information on Yy
could be obtained from targets that have been used in electron accelerators'

; to generate latense photoneutron sources. Amusingly enough, such
: discarded targets could prove valuable provided the electron energy
I used at the accelerator produced a bremsstrahlung spectrum which is
i representative of the in-situ ganna spectrum (above the given photofission

threshold).

!
1

.
ACCURACY AND SENSITIVITY

.

| The experimental error in the deduced fractions, n and y, can be
derived from Equations (9a,b) in terms of the errors in the known FPY,i

Y and Y , as well as the error in the observed in-situ FPY, Yg. Fory n and n, namely (6y/y)2 and (6n/n) , onei the respective variances of y
| finds.the expressions

*
6 7 (yyfy ) f6YyIYf Yf

2 (1-y)2 (y /Y )I6y ): i
2 2 2

6 jn i
(1-Y /T }' (1~Y /Y ) + Il-Y /Y }'" +

n i n i n i j
_

i

; an,d

n (y /Y ) I6Y (1-n): f 2
II (Y/Y,)2 1 2 22

g n v n . (11b)6n ,
_

(1-Y /Y P ( Y,j(nj (1-Y /Y )2 gY ; (1-Y /Y )2 (Yn/ g Yg g j y

2

!

--. -- . - - - _ . - - . . -. - _ - _ . - -.
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Using Equations (2a,b) the variances of F and F are simply
n

(6y/y)2 + (6F/F)2 (12a)(6Fy/Fy)2 =
,

and

(6F /I ) = (6n/n)2 + (6F/F)2, (12b)n n

respectively.

Error estimates for the FPY-PFF method have been obtained from
Equations (11 and 12) using state-of-the art experimental accuracy.
Thus the relative error * of the in-situ FPY observation has been assumed
to be 5 per cent, i.e. (6Y /Y ) = 0.05, whereas the relative errors

4 3

of Yn and Yy are assumed t6 be 3 percent. This assumption is reasonable,
since more careful calibration / benchmark type experiments can be conducted
to determine Y and Y than is usually possible in in-situ reactor
measurements. yin addition, the relative error of the absolute SSTRn

fission rate measurement has been assumed to be 3 percent i.e. 6F/F=
0.03.

The relative error in n and F obtained under these assumptions are
nshown in Figures 1 and 2, respectively, for (Yy/Yn) values of 2, 5,

10, and 100. As could have been anticipated, these relative errors
decrease rapidly with both increasing n and increasing (Yy/Yn). Although
these data indicate that accurate correction of photointerference is
possible with the FPY-PFF method, the actual accuracy attained must
obviously await experimental confirmation. Indeed, it must be stressed
that error estimates have only been forecasted herein, whereas in the
actual course of experimental effort unforeseen sources of experimental
error invariably arise.

The sensitivity of the FPY-PFF method corresponds directly to the
sensitivity available for in-situ FPY observations. This latter domain
of sensitivity is enormous, since both SSTR and RM fission monitors.
can be accurately applied over many orders of flux / fluence magnitude.
Infact,thisenormousrangeofapplicabilityhasalrgadybeendemonstratedthrough measurements in low p as well as inhighpowerresearchreactors.gw*grcriticalassemblies(

* Relative error throught this treatment refers to the la level.

- _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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ADVANTAGES

Bootstrap Applications

It may be possible to use the FPY-PFF method to obtain approximate
photointerference corrections in already irradiatec RM fission dosimeters.
In this bootstrap application of the FPY-PFF method, one can no longer
use SSTR to measure the total in-situ fission rate F <ince the actual
irradiation has already been concluded (perhaps many years ago). However
for many candidate fission monitor nuclides, FPY in the neighborhood
of the heavy mass peak (e.g.1"Cs) can be used to provide the total
fission rate F. Not only is the FPY in the neighborhood of the heavy
mass peak almost independent of neutron energy for many actinide fission
monitors, but photofission yields in this region are approximately the
same as fission neutron induced FPY.9

Under these conditions, if the RM fission dosimeter still exists
then Yj can be measured and F can be determined, in principle, from
measurements of fission products in the neighborhood of the heavy mass
peak. Obviously Y and Y must still be determined in separate benchmark
experiments. Atthesametime,thesebenchmarkfieldmeasurementswilln

provide an opportunity to assess the validity of this FPY total fission
rate measurement. In these experiments use of FPY from the neighborhood
of the heavy mass peak can be directly compared with SSTR observations.
In fact, such comparisons will help quantify the component of experimental
error introduced through this FPY measurement of F in bootstrap
applications. While this latter error could be significantly larger
than SSTR observations, this would be small penalty to pay for the
ability to correct already conducted reactor neutron dosimetry
experiments. Perhaps the most obvious example of such experiments
would be fission monitors from already irradiated LWR-PV surveillance
capsules.

Passive Techniques

In that this method combines two well established passive fission
rate measurement techniques, namely RM and SSTR methods, the FPY-PFF
method possesses the advantages of passive techniques for reactor
dosimetry. In particular, this method can generally be applied with
negligible perturbation of the in-situ reactor environment. Hence this
method can be implemented in virtually all reactor regions of interest.
Moreover, both flux and fluence measurements are possible. In fluence
measurements, F would represent the total number of in-situ fissions.

Radiometric / Stable FPY

In the FPY-PFF method, stable FPY can be used to provide results
that are independent of the power-time history of reactor operations.

_ _ _ _ _ _ _ _ - _ _ _ _



352

Stable FPY are of particular interest for bootstrap applications. On
the other hand, radiometric FPY provide comparable accuracy at considerably
less cost. By appropriate selection of FPY, the FPY-PFF method can

. provide adequate accuracy even for substantial photofission fractions.
(See Figures 1 and 2.)

Gamma-Ray Dosimetry

Since the FPY-PFF method quantitatively assesses the photo-fission
component, it can also be used, in principle, for high energy gama-
ray dosimetry. However, practical applications would be restricted
to in-situ reactor environments where the high energy gamma-ray intensity
is significantly larger than the neutron intensity.
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'
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|

SUMMARY

A procedure was developed to improve the accuracy of gamma dose
measurements with 7LiF thermoluminescent dosimeters. By repeatedly
exposing a set of dosimeters to a uniform gamma dose, followed by
readout and subsequent release a more homogeneous subset may be
selected. It was found that a reader equipped with three hot ni-
trogen jets yielded very accurate relative dose values because of
the excellent chort-term stability. Monitoring with aid of dosi-
meters exposed near a 60Co source remains necessary.

The technique was applied to determining the nuclear heating
in the mock-up of a nuclear fast power reactor and also to check
calculated gamma dose over neutron flux ratios in a mock-up of the
pressure vessel of a PWR reactor (PCA). The procedure of calcula-
tion, after validation in a particular PCA configuration, can be
used to provide photofission and photoactivation corrections related
tomeasurementsinotherconfigurations[1].

CHARACTERISTICS OF THE TLD READER

When using TLDato determine the gamma dose in a critical assem-
bly it is highly desirable that stable readout equipment be avai-
lable. The automatic TLD reader used in this series of experiments
was designed by TNO(*);it is equipped with three hot N2 gas jets
aiming at the centre of a cylindrical cavity (see fig. 1). This
provides perfect thermal contact and ensures fast reproducible
heating of the samples. These samples are sucked up at the tip
of a vacuum needle which turns over 180* along an horizontal axis
and is pushed upwards into the cavity (see fig. 2).

This system has one limitation related to the fast heating :
it is not possible to start the integration at an arbitrary tempera-
ture level. In practice this difficulty may be circumvented by a
pre-readout of all samples at a fixed lower temperature of the oven
(12 seconds at 130*C). This erases the low-temperature defects

(*)0rganisatie voor Toegepast Natuurwetenschappelijk Onderzoek,
Arnhem, The Netherlands.
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which are responsible for differences in fading among dosimeters.
This is very useful as measurements are always made relative to a
set of calibrating dosimeters exposed to a known gamma field near

60Co source. This usually takes place at a date which does not ja
coincide with the experiment. |

SELECTION OF THE 7LiF DOSIMITERS

|

A batch of 380 pure 7LiF dosimeters (diameter = 1 mm; length =
6 mm) was used for the irradiations. The dosimeters, which were
new (unirradiated), were first annealed in an oven during one hour

! at 400*C. This was followed by rapid cooling and by a second anneal
during two hours at 100*C. The whole batch was exposed four times,

60Co source, to a uniform dose ofat a distance of 150 cm from a
about 5 Rad. Each run was followed after about three days by the
readout of the individually numbered dosimeters on'the automatic
TLD reader. The light output was integrated by the photomultiplier
during 12 seconds at 220*C. All readings belonging to one run
were renormalized by dividing them by the average reading and thus
represent deviations from the batch average. This means that one
counts on the short-term stability of the equipment only.

In the course of these and other measurements it was observed
that the statistical distribution of the results gradually approached
a Gaussian distribution after a few exposures. In fig. 3 this is
illustrated for a batch of 185 dosimeters, exposed eight times to
a doce of 8 Rad. In order to improve the statistics the results
of the irradiations were lumped together into two groups. This
effect was interpreted as an indication that the heating cycle in
the reader was more reproducible than the first annealing in the

After the last test exposure each sample was kept for 60oven.
more seconds in the render at 220*C after readout in order to enhance
this annealing effect.

For each sample the average over the four exposures was taken
as a measure of the intrinsic sensitivity. j

I

By combining the estimates of the standard deviation of one i
Ireadout, derived for every single dosimeter, and assuming that the

mean value of the standard deviation is the same for all dosimeters
a sufficiently accurate estimate is obtained for this parameter

=32%;' o

75 dosimeters located within a deviation less than 3 % from the
average intrinsic sensitivity were finally aslected for further
use.

_ _ _ _ _ , _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ __ _ _ _ _ _
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APPLICATION TO IRRADIATIONS IN PCA

The results of irradiations in PCA (Pool Critical Assembly)
configuration 4/12 SSC in November 1980 are given as an example of
the application of this technique. In the wooden dosimetry tower
five TLDs were irradiated in a pure gamma field under 0 5 mm of
steel at a distance of 150 cm from the 60 o source. The exposureC

was 100 Roentgen in air which corresponds to a calculated dose of
82 7 Rad in steel.

Thirty dosimeters were irradiated at five locations in
PCA 4/12 SSC : SSC, 1/4 T, 1/2 T, 3/4 T and VB at the maximum axial
flux level (see fig. 4). The TLDs were always placed in mild steel
sample holders, generally located incide ferritic steel boxes which
provided for an essentially unperturbel environment.
The power level was chosen to keep the doses in each run well within
the linear region of the TLD response curve (~ 80 Rad for calibra-
tion and 20 to 40 Rad for PCA).

All the TLDs were read on January 7, 1981 with the TNO reader
in the following way

* First, a pre-reading of 12 seconds at 130*C
* Second, the real reading of 12 seconds at 220*C.

The corrections for fading of the TLD signals were kept small
by performing the PCA and Mol Wooden Tower calibrations approxima-
tely at the same date and also by the pre-reading which erases
low-temperature defects in the 7LiF.

With six dosimeters in each position the standard deviation
on a dose value is generally less than 3 %.

TRANSPORT THEORY CALCULATIONS

The neutron and gamma flux maps were computed for the PCA 4/12
SSC geometrical configuration in which TLDs were exposed, using
cxactly the same calculational procedure as for the blind test cases
PCA 8/7 and PCA 12/13[2]. The neutron and gamma fluxes obtained at the
locations where measurements were performed were then used to deduce
reaction rates and gamma-to-fast-neutron flux ratios, and these re-
sults were combined to absolute fast flux values obtained with the
2D DOT calculation to yield " absolute" theoretical results to be
campared to the TLD responses scaled to the same core power (1].

_ _ _ _ _
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Neutron Field Computation

A one-dimensional 40-group neutron problem was run along the
Y coordinate using the modified DTF-IV program, part of the SCK/CEN
MULCOS Code system, in S8 approximation. The geometrical model was
identical to the one adopted for the 171-group S8/P3 ANISN calcula- J
tion. The macroscopic effective cross sections for each region were ;

prepared by the PREPROCESSING part of the MULCOS Code system, star-
ting from the SCK/CEN MOL-BR2 40-group library and using a ABBN-type
formalism. Since this set does not contain scattering expansions up
to P3, the PO diagonal transport correction has been adopted as the
standard option; the MOL-BR2 set contains a detailed energy group;

! structure for the thermal and epithermal neutrons.

The buckling terms are computed on the basis of Etr (for D),
and space-dependent B2 values are provided in the input; these B2
values were deduced from measurements for the vertical components
[the same values as in the DOT (X,Y)], and the lateral ones were
computed from the flux map provided by the 2D calculation.

The space-dependent fixed-fission source is provided by the
core power study, as for the ANISN and DOT problems (3].

I Gamma Field Computation

An ancillary program (GAMPREP) is used to compute :

! * Gamma sources in each mesh point (deduced from capture and fission
rates); for gamma emission, fission products are assumed to be in
equilibrium

* Macroscopic gamma cross sections in each region (based on the
compositions used in each zone of the model), with scattering
matrix expansion up to P3

The basic data for this step are :

* The flux map provided by the neutron DTF-IV run
* The self-shielded microscopic 40-group neutron cross sections
for reaction rate computations

* The gamma production cross sections derived from the EURLIB-3
coupled library, after the collapse of the original 100-neutron
groups into the - actual 40-group structure of the MOL-BR2 library

* The 20-group gamma interaction cross-sections, as they are in the,

'

EURLIB-3 set

The output of GAMPREP is the full data set needed for running
a gamma problem in S8/P3 approximation (ANISN or DTF-IV); the same
geometrical model and space-dependent bucklings as for the neutron
run are used.

i
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As for the neutron problem, pointwise convergence criteria are;

applied in order to obtain a good flux map stabilization. Since no
scaling was applied in the gamma part of the work, gamma fluxes and
neutron fluxes are at the same scale.

Additional processing of the Results

From the neutr6n flux map, reaction rates and equivalent. fis-
sion fluxes were computed for several threshold detectors
[115In(nn'),58Ni(n,p), ...]atthemeasuredlocations. The
effect of fast neutrons on the TLD material was also calculated in
order to provide corrections to be applied to the TLD readings.

With the gamma-ray map, energy deposition rates in Fe were cal-
culated. Ratios between these results and nickel equivalent fission
flux were then obtained and applied to the nickel fission fluxes
yielded by the 2D DOT run scaled to the core power, in order to
obtain normalized theoretical energy deposition rates at the dif-
ferent positions (see fig. 4); due to the P3 expansion and the
better modelling, 2D DOT (X,Y) neutron results are a good basis
for fl tx magnitudes. The assumption made here is that the ratios:
gamma energy deposition / fast neutron flux, which should be deduced
from the refined 2D model, are not very different from the ones
yielded by the present 1D calculations; this assumption is sup-
ported by the good agreement between these theoretical ratios and
the experimental ones.

CONCLUSION

The TLDs yield sufficiently accurate results when they are
preselected as indicated. As can be seen from fig. 4, the agree-
ment between the calculated and the experimental TLD results is
generally better than 20 %; it is thus believed that the theoreti-
cal estimates made for the other pCA configurations with the same
procedure and basic data are sufficiently accurate as far as photo-
fission and y,y' corrections are concerned.
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DEVELOPMENT OF SENSITIVE MICROCALORIMETERS FOR ABSORBED DOSE
j MEASUREMENTS IN BENCHMARK RADIATION FIELDS

:

J.A. Mason
Imperial College and the University of London Reactor Centre. - '

'

Silwood Park, Ascot, Berkshire, England
,

ABSTRACT
I

The present paper describes the development of sensitive adiabatic
graphite and aluminium microcalorimeters designed for dose rate measure-
ments in low power benchmark radiation fields. The calorimeters are
both small and portable and they are controlled by a microcomputer.

Results are repot ted for measurements in two radiation fields. r

Dose rates of a few tens of milligray per second have been measurgOd in acore tube of the Consort II reactor and, in the Imperial College Co,
'

irradiation facility, accurate dose rate measurement of a few milligray
per second have been achieved. These latter measurements are compared-'

with the results of ionization chamber measurements.

INTRODUCTION

I

4 The principal limitation in the use of absorbed dose calorimetry
{ has been the lack of sensitivity. The technique has therefore been
i unsuitable for measurements in zero energy benchmark fields. The aim
!- of the present work has been to improve the calorimeter sensitivity and

therefore extend the application of the technique to low dose measure-
ments.

J
'

Certain conditions must be observed in the measurement of absorbed
: dose if the result is to be meaningful. First, the incident or primary
'

radiation field must not be significantly perturbed or attenuated by
: the presence of the dosimeter. Second, the electronic and photonic equi-
J librium must exist between the detector and its surroundings. If these
i conditions are observed, the measured absorbed dose rate will be the
'

ideal dose ratel or KSRMA rate.
,

In order to achieve greater measurement sensitivity, the adiabatic'

2mode of calorimeter operation was chosen . Using this method, the rate
i of temperature rise is measured in a sample which is surrounded by a
i jacket whose temperature is maintained at the sample temperature. As a
i result of the presence of the jacket, the rate of temperature rise of the

sample is due solely to the deposition of energy by radiation. -

!

!

i

365i
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CALORIMETER DESIGN

A block diagram of the calorimeter system appears as Fig. 1. In

addition to the calorimeter, the system consists of amplifiers, a multi-
plexer, a digital voltmeter (DVM) and a CAMAC electronic-based control
and data-logging sys tem.

...._
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Fig. 1. MKII Adiabatic Calorimeter System

Mechanical Construction

The calorimeters consist of a set of two cylindrical jackets or
baffles surrounding a central cylindrical sample. The jackets are made
of the sample material, either graphite or aluminium. The jacket wall
thickness of 1.5 mm was chosen in order to achieve electronic equilibrium
between the jackets and the sample. The sample is 1 cm in diameter.

Surrounding the sample and jackets is an external aluminium can
and lid. The can thickness is 1 mm and the lid is extended in a stem
from which the calorimeter is supported. The sample, jackets and outer
can are electrically and thermally insulated from one another by means
of air gaps and PTFE spacers or supports which have been designed in such
a way that the contact area and hence the heat transfer between the
spacers and calorimeter components is minimized. Although PTFE is sub-
ject to radiation damage, this is not a problem in the dose range where
the calorimeters are employed. The separate calorimeter components and
an assembled calorimeter may be seen in Fig. 2. The calorimeters are
42 mm in diameter and 93 mm high, not including the mounting stem.

I
|
.

-_ _ . . _ . _ . _ . _ . -
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Fig. 2. MKII Calorimeter and its Component Parts

Three thermocouples are employed in each calorimeter as temperature
They are constructed of insulated 46 SWG chromel constantan inse n so rs .

order to minimize the transmission of heat along the thermocouple wires.
Two are placed in channels at the mid plane in the sample: one is on the
central axis and the other is near the surface and opposite the third
thermocouple which is fixed to the inside of the inner jacket. All these
thermocouples pass out of the calorimeter through holes in the jacket
lids and spacers and are clamped at the top of the support stem. |

The electrical calibration and adiabacic control of each calori-
meter is achieved by means of helical electrical heating coils wound
around the sample and inner jacket respectively. The 40 SWG heater wires ;
are provided with a resin insulation coating. The positions of the heater !

, coils, thermocouples and the calorimeter component parts may be seen in |'

Fig. 3 which illustrates a cross-section through a calorimeter.

A multi-terminal connection block is provided immediately external I
to the calorimeter in order to connect both the thermocouples and heater
wires to their respective extension cables. In this connection block a
differential thermocouple is formed between the inner jacket and outer
sample thermocouples. Extension cables of 30 SWG continue the thermo-
couples to a cold junction several metres away. The cold junction con-
sists of a constant temperature water bath which is at room temperature.

|

|
.__ _____ ._ _ _ - _ - _ _ - _
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~ Adiabatic Heater Control
and Data Logging

k A novel feature of the calori- |

f.
meter sys tem is that both adiabatic |. ,xx m e

"" heater adjustment and data acnuisi-
P h N tion are controlled by the same micro-

ir" -""~~ M computer based CAMAC electronic equip-==

| |
- ' :. [ ment. This is accomplished using
' E

.

l'
| | the thermocouple voltages de rived| | s , mmnes

|

[ | |
. 7 | | ""

from the calorimeter. The voltages- * -

D 1 ! | from both the sample and differentialcau m nom

| | ) s' i thermocouples are amplified by low
""

-

| | D | | drift, low noise chopper stabilized

| | | Q | h[| ormammu.,
,

"
amplifiers. These voltages are small,

N(gy;
generally of only a few microvolts- s s -

, , , , ,

| | | in magnitude, and small changes in% s

; | \ { pg the voltages are of interest.s ,

""[ The amplifier output signals
| | N ' " " " "

are multiplexed by a multichannel--

| | | \ | | | "'*^** reed relay multiplexer which is con-
| | | [E | | | trolled from CAMAC. The output of

"""
| |g 7 ; the multiplexer is in turn passeds s

@,6 p| to a high resolution DVM which is- s
,

'',I''' ''',',,'k, also controlled from CAMAC. The,

,-n* amplified and digitised thermocouple
signals are then passed to the CAMAC
system for processing and analysis.

Ftg. 3. Calortmeter in Cross-, ,

Section The heart of the CAMAC elect-
ronic equipment is the Harve11 7025
programmed dataway controller. The

7025 is a treble width CAMAC module which serves as the central proces-
sing unit for a single crate CAMAC based computer. CAMAC serves as the
peripheral device highway. The 7025 employs the 24-bit CAMAC word
length, and it is programmed using an assembly language. Although less
sophisticated, the capabilities of the 7025 may be compared with those
of current microprocessors even though it predates them by several years.

The 7025 controller performs two basic functions. By monitoring
the differential thermocouple it determines if a temperature difference
exists between the sample and its surrounding jacket. Both the presence
and the magnitude of the heater current are controlled in order to match
the jacket temperature to that of the sample. Heater current adjustments

may be made every half second and an algorithm is included in the sof t-
ware so that the controller may anticipate and avoid the injection of
excessive heat into the jacket.

The second controller function is that of data logging. With an
adjustable period the controller prints the time of the measurement and
the magnittoeg i the amplified thermocouple voltages on the input chan-
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nels. The data is normally punched on paper tape for subsequent analy-
sis. The system may be interrogated at any tirse between the predetermined
scans of all channels.

MEASUREMENTS

Preliminary calorimetry measurements have been perfomed in a core
tube of the CONSORT II reactor and in the Imperial College 60Co irradia-
tion facility. The measurement procedure consists of determining the
calorimeter sample temperature drif t inanediately before and af ter nuclear
or electrical calibration heating. The energy deposition or heating
rate is determined by correcting the rate of sample temperature rise
using the average sample temperature drift rate.

CONSORT II Reactor Measurements

Measurements in the CONSORT II reactor were performed at low power,
and always following a weekend shutdown. The calorimeter was lowered
into a vertical irradiation tube to a position of low neutron and
ganina ray flux above the core. At this position the background tempera-
ture drift rate was measured. Measurements of nuclear heating were
accomplished by lowering the calorimeter to the core mid plane. At the
end of each heating measurement the device was raised back to the posi-
tion above the core, the reactor power was raised, and the sequence was
repeated.

The results of the CONSORT II experiments are tabulated in Table 1.

Reactor Graphite Aluminium
Power

(W)
(mGy s-I) Error a % (mGy s-I) Error s I

10 - - 44.4 2.3

50 56.1 4.0 50.9 2.6
100 61.6 4.0 59.3 2.6

200 76.0 6.4 74.6 1.5
400 - - 101.3 2.0

500 109.1 6.3 - -

600 - - 131.2 2.7

800 158.6 4.2 162.9 10.1
1K 170.3 5.8 192.5 2.7
2K 288.4 14.5 - -

Table 1. CONSORT Reacror Measurements

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The errors in the table are one standard deviation expressed as a per-
centage of the measured value. The results of a typical heating rate
experiment for the aluminium calorimeter are plotted as Fig. 4. The

displayed errors represent a range of two standard deviations.

too -

I
-
-
8 ,150 -

t
_

100 .

i
so .

.

200 400 600 800 1000

mEACTOR POWER (W)

F(g. 4. Aluminium Calorimeter CONSORT Reactor Measurements

60Co Camma Ray Measurements

60
Calorimetry measurements in the Imperial College Co facility

have been performed in a manner similar to those for the CONSORT II
reactor. The calorimeters have been placed at various distances from a
source of approximately 1500 Ci. The experimental sequence proceeds by
moving the calorimeter successively closer to the source following each
measurement of initial background temperature drif t, nuclear heating

and final background temperature drift.

REITIO4 10(IZATIQi OW11R CMIRDtMR
IMM12.RE RATE

Grghite Altaninitsa

(an) (R/sec) Error at (R/sec) ErTor at (R/suc) Irror st

20 11.8 1.2 10.37 4.9 10.94 3.o

*) 5.51 1.3 4.86 4.8 5.08 3.0

40 3.61 1.3 2.86 4.6 2.87 2.6

60 1.45 0.9 1.30 4.4 1.32 2.1

100 0.537 0.9 - - 0.477 6.2

60Table 2. Co Measurements

|
-__ __ - ___ - __________________ ___ _ ____. __ _ _ - _ _ _ _ _ - _ .
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Calibrated ionization chamber measurements have been made using
the same experimental geometry. The results of these measurements and
the calorimetry measurements have been converted to units of exposure

60rate, assuming monoenergetic Co gamma rays of energy 1.25 MeV. These
results are tabulated in Table 2, where again, the errors correspond to
one standard deviation expressed as a percentage of the measured value.

DATA ANALYSIS AND RESULTS

,

The analysis procedure is based on the assumption that the calori-
meters undergo adiabatic or nearly adiabatic heating. The temperature
drifts before and after a heating rate measurement are a measure of the
deviations from adiabatic equilibrium. The linear rate of sample tem-
perature rise is corrected using the linear sample temperature drif t
rates. An error is determined for each heating rate measurement and,
where a statistical measure of the uncertainty is not available, two
thirds of the absolute error is used as one standard deviation.

The electrical calibration was intended to be the principal means
by which the performance of the device was assessed, and the calibration
established. Unfortunately, at this preliminary stage of calorimeter
development, difficulties have been experienced with the electrical
calibration procedures. An alternative calibration factor has been
established through a knowledge of the calorimeter and measurement
system parameters, such as the sample specific heat, amplifier gain
and sample mass. All of these parameters have been accurately measured
and calibration factors have been determined.

In order to assess the performance of the calorimeters, measure-
ments of the dose rates in the 60Co facility have been compared with
calibrated ionization chamber measurements. The results of the cocr
parison, expressed in units of exposure, have been tabulated in Table 2.
The ratios of calorimeter to ionization chamber derived exposure rates
have been flotted as a function of measurement position in Fig. 5.
The error bars, which for convenience are displayed in boxes to the
right of the measured points, correspond in length to two standard
deviations.

In Fig. 5 it may be seen that the calorimeter performs in a con-
sistent manner with a systematic bias of about 10%. Indeed, weighted
averages of the ratios yeild 0.89 for graphite and 0.91 aluminium.
With these results revised calibration factors may be determined which
permit the use of the calorimeter for relative measurements at low
dose rates.
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t

1 CONCLUSIONS'
4

1

Microcalorimeters have been developed which are capable of
accurate dose rate measurements at the level of a few milligray per
second. The calo'rimeters perform consistently and with a bias of about

The10% when compared with calibrated ionization chamber measurements.
discrepancy is attributed to imperfect adiabatic control, and work is
underway to overcome this difficulty, thus permitting absolute calori-j

metry measurements.
|
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Use of New Threshold Detector 19911g (a ,n' ) 199mHg
for Neutron Spectrum Unfolding

Kiyoshi SAKURAI
Japan Atomic Energy Research Institute

Ibaraki-ken, Japan

Abstract

The nuclear data for the 199Hg(n,n')1995Hg reaction
are reviewed and the data are used for neutron spectrum
unfolding. The neutron spectrum of the YAYOI glory-hole is
unfolded by SAND II with 10 nuclear reactions including the
199Hg(n.n')199mHg reaction. The ratio of the measured
reaction rate to the calculated reaction rate is about 1 N
1.1 for the guess s ectrum. The 19911g (n ,n' ) 199mHg ,
115!n(n.n')115 min, 03Rh(n.n')103m h reactions should beR
useful threshold detectors for the neutron dosimetry vith
low level fast neutron flux.

1. Introduction

Many activation detectors are being used for neutron spectrum un-
folding. Evaluated neutron cross sections for the activation and/or
fission reactions are available, for example the ENDF Dosimetry File is
often used for neutron spectrometry. Application of the threshold
detector reaction rate of 19911g(n, n' ) l 39511g for unfolding has not yet
been described, because the evaluated neutron cross sections for the
reaction were not available. The author has tried to apply the result
of the detector to an unfolding procedure.

This paper describes a verification experiment of new threshold
detector 199Hg(n,n')199mlig on YAYOI standard neutron field.

2. Nuclear Data for the 199Hg(n,n')199 mil 8 Reaction

2.1 Abundance

We ha*ve used natural mercury sample (HgO), because enriche 199 11g

sample is very expensive (about 100$/1mg). The mercury element consists
ofsevenisotoges. Each abundance is as follows ); 196l H (0.15%),

11g (10.1%) , 9911g(16.9%), 200Hg(23.1%), 201Hg(13.2%),g.02Hg(29.7%) and198
204 118(6.8%).

2.2 Half-life and gamma branching ratio of 199"Hg

1 ). The thresholdThe excited state of 199 211g is shown in Fig.
energy of the 199Hg(u,n')199mHg reaction is about 530 kev, the isomer

373
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1

!
half-life is 42.610.2 minates and the transition from the isomer state
to the 158 kev energy level is M4 and that from 158 kev energy level to

0.5% for the 158 and 374 kev gamma-rays, respectively }3!0.5% and 12.3the ground state is E2 ). The branching ratios are 522
2,

,

i

2.3 Cross section for the 199Hg(n,n')199"Hg
i

199Hg(n,n')199mHg reaction
arenotavailable$ntcrosssectionsfor)the

Energy depend
i 3 Swann and Metzger" measured the cross sections.

from the threshold energy to 2.1 MeV. Bornemisza et al.5) measured the
| cross section at 2.8 MeV. Hankla et al.6) measured the cross section at

14.4 MeV. From these data, it is impossible to evaluate a reliable
neutron cross section for neutron spectrum unfolding. Therefore, Sakurai

,

et al.7) measured the cross sections from 0.78 to 6.3 MeV. The neutron'

I cross section for neutron spectrum unfolding was evaluated from' data from
Refs. 6 and 7.i

3. Verification Experiment of Threshold Detector
19911g(n,n')199mlig on YAYOI Standard Neutron Field,

.

199
| The validity of the 11g(n,n') reaction for reactor neutron dosime-

try has been examined through an irradiation experiment using the stand-!

ard neutron field (glory-hole) in the YAYOI. The neutron spectrum had
.

been accurately evaluated by repeated measurements and by calculation ),8

j The irradiation of foils in the YAYOI glory-hole was performed at a
reactor power of 500 W and an irradiation time of 30 minutes. The meas-

199Hg(n,n')l995Hg, 27Al(n a)24Na, 24M8(n,p)24Naured reaction rates of the
5In(n,n')115 min reactions are given in Table 1 ). The reactionl and 115

rates of the 59Co(n a)56Mn, J6Fe(n.p)S6Mn, 27Al(n p)27g , 27Al(n,a)24Na,
; 24Mg(n,p)24Na 23Na(n,y)24Na, 4 7Ti(n,p)47Sc, 48Ti(n,p)4 Sc and

In(n,n')11$ min reactions measured by Tokyo Univ dosimetry group are115

also given in Table 1 ).9,
'

The unfolding code SAND 1I10) was used for neutron spectrum unfold-
ing. Newtron cross section library was compiled the program CSTAPE

,

which is a sub-program of the SAND II package. The 620 groups energy'

structure was applied in the calculations. The neutron cross. sections
il) for neutronfor the library are given in Table 1. The guess spectrum

spectrum unfolding was one which was calculated with a one dimensional
transport code ANISN12). The uncertainty of the guess spectrum was about
30% from 0.3 to 3 MeV and about 50% outside this rangell).

i The unfolded neutron spectrum is shown in Fig. 2. The ratio of the

measured reaction rate (M) to the calculated reaction rate is given in
Table 2. The ratio in the zeroth and in the final iteration is given in
the same table.

More quantitative analysis will give information concerning the use-
199Hg(n.n')199mHg. Therefore, charac-fulness of the threshold detector

teristic neutron flux density value was calculated from the guess spec-
:

trum and from the unfolded spectrum. The total neutron flux density'
,

ll 2n/cm .sec. The valuei calculated from the guess spectrum is 1.614x10
ll 2n/cm .sec. The valuecalculated from the unfolded spectrum is 1.826x10'

calculated from the evaluated spectrum ) is 1.875x10 28 ll n/cm .sec. Using'

the 199Hg(n n')199mHg reaction rate, the total neutron flux density was
j

i

!

, , _ , _ . _ __ _ _, , . . _ . _--. -
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1% smaller than that calculated from the neutron spectrum unfolded with-
19911g(n.n')199mHg reaction rate.out the

4. Discussion

We have used natural mercury sample. Therefore, the a:tivity of
the 199mHg is produced by the 198Hg(n,y)199mHg and the 200Hg(n,2n)139mHg
reactions, and also generated by following decay of 199Au that is pro-
duced by the 19911g(n.p)199Au reaction. As the neutron spectrum of the
YAYOI glory-hole is very hard, the influence of the 198 Hg(n,y)199mHg
reactionisnegligiblysmall. The fission spectrum averaged cross sec-tion of the 20 Hg(n$ n)199mH2 reaction is 5.5 mbl3) Therefore, the.

20 Hg(n,2n) 99mHg reaction is about 2%. The fission jinfluence of the
. spectrum averaged cross section of the 199Hg(n,p)199Au is 0.009 mb13),
| The influence of beta decay of the 199Au is negligibly small.
I We had compiled the neutron cross sections for the 199Hg(n n')199mHg

reaction. One is compiled by using the cross section data that were
measured by Swann and Metzger ), Bornemisza et al.5) and Hankla et al.6),4

another is compiled by using the cross section data that were measured
by Sakurai et al.7) and Hankla et al.6). When the former cross sections
are used for neutron spectrum unfolding, the ratio of M/C for the zeroth
iteration is about 3. The value is about 1%1.1 when the latter cross
sections are used for the unfolding.

The calculated fission spectrum averaged cross section is 238.3 mb ).7

The half-life of the isomer is 42.6 minutes ). It means that the activi-
2

ity is easily produced by the irradiation with low level fast neutron
flux. We have used the reaction in the experiment at the critical
assembly of the Japan Materials Testing Reactor. As the threshold energy
of the reaction is as low as that of the 115In(n,n')115 min reaction.
Therefore, the 199Hg(n,n')199mHg, 115 In(n.n')115 min, 103Rh(n,n')103mRh
reactions should be useful threshold detectors for the neutron dosimetry
with low level fast neutron flux.
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!

Experimental reaction rate ) and neutron cross sections9Table.1
4

i
YAYOI glory-hole reaction rate (dps/ atom) Neutron

Reaction Sakurai's data set )9 fo n gp)gg

t
11911g(n , n' )l19511g 2.89-14 (i4%) gef. 7)

59Co(n,a)S6Mn 1.47-17 ( 2.4%) ENDF/B-V
"56Fe(n.p)56Mn 1.00-16 ( 2.8%)
"27A1(n p)27Mg 3.87-16 ( 8.4%)
"27A1(n,a)2''Na 6.91-17 ( 3%) 6.74-17 ( 2.9%)
"

24Mg(n,p)24Na 1.40-10 (i3%) 1.47-16 ( 3.1%)|
| 23Na(n,y)24Na 7.85-17 ( 4.1%) "

<

"47Ti(n,p)47Sc 1.68-15 ( 11.5%)
"

! 48Ti(n,p)48Sc 2.57-17 ( 3.8%)
"

{ 115In(n,'n')115 min 2.14-14 ( 3%) 2.12-14 ( 3.9%)
,

14t 2.89-14 imeans 2.89x10
1

i

Table 2 M/C ratios after the zeroth and the fuel
i iterations in SAND II analyses

i

Reaction rate M/C
""C I" Guess spectrum 10 iteration spectrum

59Co(n,a)S6Mn 0.9582 1.0264

{ 56Fe(n,p)S6Mn 1.0144 1.0498

27A1(n,p)27Mg 1.0497 1.0750

27A1(n,a)2r*Na 0.8895 0.9690

24Mg(n p)24Na 0.9139 0.9850
|
( 47Ti(n,p)47Sc 0.8491 0.8721

48Ti(n,p) +8Sc 0.8819 0.9463

115In(n,n')115 min 1.2210 1.1380|

{ 23Na(n,y)24Na 1.2070 0.9941

19911g (n, n' ) 199mHg 1.0164 0.9466 ,

|
.

t

!

t

1

|

|
.-_ - _ - . _ _ _ . . . - - . , . _ . . . _ _ , _ _ _.._ ._, _ _
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MULTICOMPONENT WIRE ACTIVATION DETECTOR SYSTEM

FOR NEUTRON SPECTRCMCTRY ON POWER REACTORS

H.-C. Mehner, I. Dennetedt , U. Ibgemann. S. Nagel,

and M. Sch6ne

Zentralinstitut f6r Kernforschung Rossendorf,

German Democratic Republic
|

ABSTRACT

A measuring system based on a multicomponent

wire activation detector is prosented, which is

applied for neutron spectrometry inside PWR.

The detector consists of the basic material nickel

alloyed with gold, manganese and tungsten. The

masses of the componento are in such proportions

that the neutron spectrum in the thermal, epi-

thermal, and fast energy regions is determined by

one gamma-ray spectrum measurer.ent. Prelimi. nary

results are given from experimer:ts in dry channels

of the WWER-440 reactor at the Greifswald NPS.
I

INTRODUCTION

Knowledge of the neutron spectrum in a nuclear reactor

is steadily gaining greater importance from the point of

view of reactor physics calculation and safety predictions.

Nowadays it is generally accepted that sophisticated

neutron spectrum measurements inside power reactors can

increase the economic rates of reactors and the relia-

bility of reactor material components. An accurate deter-

379
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mination of spectral parameters of the neutron flux makes

it possible to enlarge the accuracy of fixed installed

incore detectors for power distribution measurements and

to improve radiation damage estimates.

Up to now, incore measurements of the neutron field in

power reactors have mainly been carried out with the

multiple foil activation method. The axial interpolation

across the core was performed with activation wires. In

order to make these measurements simpler and f aster a new

system was developed by combining the multiple foil tech-

nique with the activation wire method.

On the basia of a multicomponent wire activation detec-

' tor (MWAD) a travelling incore system consisting of the

MWAD, the mechanical measuring equipment, the control unit,

a Ge(Li) detector, a multichannel analyzer, and a mini-

computer was designed to measure the axial neutron flux

density as well as its spectral distribution in WWER-440

type pressurized water reactors.

s

MULTICOMPONENT WIRE ACTIVATION DETECTOR

|

First of all a multicomponent wire activation detector

l was designed for determining the neutron spectrum in diffe-

rent energy regions with a single gamma-ray spectrum mea-

suremont. The MWAD is made as a metallic alloy in wire

j form. In the course of our investigations Aarnio proposed
i to combine several activation detector materials in quartz j

glass, but this arrangement has technical imperfections |
'

similar to those of the multiple foil method.

The choice of an appropriate MWAD for incore measurements |

| is closely connected with the PWR conditions and the con- !

|
struction of the measuring device. Materials in the MWAD

,
'

I should meet the known demands on usual foils such as res-

|

l
'

|
|
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ponse to different neutron energies and special criteria

like the following ones: (1) Detector materials should

be homogeneously alloyable to a wire, (ii) the alloyed wire
has to be resistant corrosion and temperatures up to
700 K, (iii) reaction products should have simple decay
schemes and small half-lives (reuse).

Taking those requirements into account a multicomponent
detector with the basic material nickel alloyed with gold,

Imanganese and tungsten has been developed (Table 1).

Table 1. Composition As basic material nickel was
of the MWAD preferred for metallurgical and

Mass fraction neutron physical reasons. Man-

Element (%) genese is mainly responsible for i
thermal neutrons while gold and

,

Gold 0.28410.005 tungsten are also responsible

Manganese 1.16 10.14 for epithermal neutrons. The |

Nickel 95.87 10.72 fast neutron density is deter-
581 .10 mined by the reaction Ni(n,p)Tungsten 2.67 0

58Co.
e Fig. 1 shows the response,

curve Rg1 = If gg fgE'sy '/ ,

{ of the single materials

j '

( contained in the MWAD

( p ,! \ together with the total#

e ,
I'

| responso curve
"

f,
'' .. A 1. . [ \. R =EI F f,e e e d v v e e e d 9 g f 91 9

for a typical WWER-440..

Fig .1 : Response curve of the MWAD neutron spectrum, where
f or a \W/ER-440 neut ron
spectrum 1 represents the mass1

fraction of the element i in the MWAD,6' 1 the group crossg
section andp the group flux (normalized to { p = 1). Theg g
response region of the MVAD covers the whole energy region

4 6without the region from 10 t o 10 eV. The half-lives of

the avrivated nuclides are smaller than 3 days with the
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exception of Co so that a residual activation has to be
Setaken into account in the case of co, only.

The mass composition of the MWAD has been chosen in
order that (1) the activities of the different nuclides
can be measured with approximately the same accuracy if
the irradiation time is some minutes and the cooling time

is some hours, and (ii) the self-shielding corrections f or
epithermal neutrons in the main resonances is smaller
than 10 L

MEASURING EQUIPMENT ON THE PWR

The measuring system consists of the MWAD, the mecha-
nical apparatus, the control unit, the Ge(L1) detector
coupled with a multichannel analyzer and a minicomputer.
The wire driving mechanism, the position indicator, the
Ge(L1) detector, and the collimator are installed in a
box on the top of the reactor shielding (Fig. 2).

' 7' The collimator has an

e' an aperture of 10 x 10 mm

and a length of 380 mm.

6 The gamma-rays are registra.-

gp ted by means of a well

shielded Ge(L1) detector
connected with the box

7

of the mechanical appa-

e 5 6 ratus. For an absolute
t reactor sheid9 calibration of the system
2 pressure vesset 137a Cs source is used,

3 2 core"" ""

'EE?r*es'nt equprert which also gives a re-
, , , , , , , , ,

S$/Mor with ference line in eVery

6'y|fr|g}pT gamma-ray spectrum.

Usually the wire is7 dry tube
rolled on a drum. For

Fig.2: General scheme of the
experimental setup.
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measurements the wire with a length of 22m and a diameter

of 0.9 mm is driven into the core within a small tube in-
stalled in a dry channel of the reactor. After irradiation

and the cooling time the activated part of the wire of

2.5 m length is moved continuously or step by step in f ront
of the collimator.

The control unit consists of the components position
indication and evaluation, processor, and drive controller.

The conversion of the distance covered by the wire into
digital signals is performed by an angle measuring system,

6which gives 2 . 10 information per 1000 rotations and

provides a position accuracy <1 cm. In addition, a photo-
electric relay is installed in the middle of the colli-

motor to indicate the wire end and to adjust the position
indication. The processor controls the irradiation and

measurement cycles. The multichannel analyzer NTA- 1024
is connected with the minicomputer EMG- 666/B to analyce
the gamma-ray spectra and to calculate the reaction rates.

EXPERIMENTAL RESULTS

The measuring system was tested on the Rossendorf Re-
search Reactor in order to determine axial neutron flux
profiles in irradiation channels. Some probes of the MWAD
of 10 mm length were also irradiated in dry channels of

1the third and fourth units of the Greifswald NPS to check

the applicability of the material combination chosen for

measurements of neutron spectra. The gamma-ray spectrum
(Fig. 3) shows well-isolated single peaks at 412 kev (198Au),
480 kev (187W), 811 kev ( Co), and 847 kev ( OMn). Due
to the several well-known gamma-ray transitions the nuclide
187

W is ap ropriate for the determination of the relative

efficiency of the Ge(Li) detector from the measured gamma-

_ _ _ _ _ _ _ _ _ _ _ _ _
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ray spectrum. The peak
""

.. % areas can be calculated
\*

with standard summing 1.
~**y procedures on the mini-

j *4 computer.
3{_ ** By using the decay data

,,
"

$ *w the reaction rates of
tu =c.-j w ''; the irradiated probese

% -Q were calculated to feed==

*~( the unfolding code SAND-.

II.* The guess spectrum*
.= m. =. .. . . . . . . . . . .

CHANNEL NUMBER Was taken from a 34 group

reactor physics programme.
Fig. 3: Gamma-ray spectrum of the

MWAD (irradiation time The unfolded neutron
4 min, cooling time 11 h, spectrum shown in Fig. 4counting time 2000 s),

is a typical one for a

? - - - - - - PWR. In energy regionsd

covered by the detector,_

g. _ g '&#g'j materials the unfolded

_ ,
spectrum differs from

** .s the guess spectrum. Com-
r, e
e paring the neutron spec-
5 tra for the reactor chan-g
* ge. nel with 1.6 % enriched
-

. N@
fuel assembly it can be

m% remann mg g,3 *y ' concluded that the guess
,

"wkri' w
55 ata.r NM

spectrum seems to be too

soft. As expected the un-*
g, ;, ;, ;, g,

NEUTRON ENERGYleV}
folded neutron spectrum

is harder in a fuel assem-
Fig. 4 : Neutron spectra in a bly with 3.6 % enrichment

WWER-440 reactor of the
Greifswald NPS for diffe- compared to one for 1.6 %.

enriched fuel assem The mean square deviationrent
blies

between the measured re-
*)The unfolding of the neutron action rates and the re-

spectra was kindly carried out
by B. Osmera, U3V Rez, Czechoslovakia.

_ _ _ _ ___ _
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action rate reproduced by the SAND-II code is 6.8 % for

channel 11 and 4.8 % for channel 6.
Furthermore, an intercomparison with commonly used acti-

vation detectors was carried out by irradiations in two

different neutron spectra # , Through such an intercompari-
son and unfolding the neutron spectra with the RFSP code

the MWAD was verified as a useful tool for incore neutron

spectrometry in the whole energy region.
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SILICON P.I.N. DIODE NEUTRON DAMAGE MONITORS

S. De Leeuw, R. Menil
SCK/CEN, Boeretang 200, B-2400 Mol, Belgium

INTRODUCTION

In a previous paper [1] the use of silicon P.I.N. diodes as
fast neutron damage monitors was described. While these diodes
were successfully used for several years as personnel dosimeters
[2,3,4,53theaccuraciesachieved(10-15%)wereinsufficient
for reactor physics purposes. By careful selection this range
couldbereducedto8-10%anditwassuggested[1]thatindivi-
dual calibration could still improve this. The idea proved false

,

because re-irradiation followed by pre-read anneal changes the '

characteristics. However, a considerable improvement in accuracy
to 5 % or better has been obtained by :
- combination of forward voltage and recovery time measurement in

the fluence range where a Vf and 4 1/T are linearly relatedr

- selection of diodes with matched pre-irradiation values of for-
ward voltage and recovery time

- improved control of the characteristics by the manufacturer
(types 5430-C)

- reduced Joule heating by the recovery time monitor.

The effect of high temperature anneal (280*C), in view of reusing
the diodes, is also investigated. Besides the fact that the epoxy
coating does not withstand temperatures above 250*C, the results
indicate that the un-annealed fraction perfectly memorizes the ir-
radiation history. The effect is not too pronounced for diodes
that were irradiated at moderate fluences (< 5 1010nyt) but even
in that case the quoted accuracy cannot be maintained for re-
irradiated diodes.

MEASUREMENT METHODS AND IRRADIATION FACILITIES

- The principles of operation have been discussed elsewhere [1,2,
3,4j. The diode readers used are a STUDSVIK 3809 A model for
forward voltage monitoring used with 25 mA - 10 me pulses for all
measurements and a recovery time monitor of own design using a
100 mA forward current pulse and a steady 10 mA reverse current.

387
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Animportantdifferencewiththereaderpreviouslyused[1]is
the reduction of pulse duration from 10 me to 15 ma in order to
minimize Joule heating.

The irradiation facilities used for calibration, pre-read anneal
andhightemperatureannealarethefissionspectrumfacility[6]
installed in the vertical thermal column of the BR1 reactor and
theMOL-EEbenchmarkspectrum[7]. The diodes were applied for
monitoring fast neutron damage in conjunction with other techni-
ques in the PCA-PWR Pressure Vessel Hock-up (configuration 8/7
and4/12)[10].

1

PRE-IRRADIATION DIODE CHARACTERISTICS

All data quoted are relative to STUDSVIK type 5430 diodes of
which three different batches were used. These diodes have a
nearly cube structure (1 2 mm side) and a wide base of high resie-
tivity material (about 4 5 diffusion lengths as deduced from the
pre-irradiation values of the recovery time using a high level
diffusion constant of 22 cm2/sec). In figure 1 the pre-irradiation
values of recovery time Tr versus forward voltage V , have beenfo
plotted for two representative batches (labelled C and D). Within
a given batch the variations about the nominal values of forward

voltage and recovery time are within j; 1 % and f; 2 % respectively,
not exceeding twice these values from batch to batch. The figure'

further reveals that despite the high degree of control a strong
correlation exists between both parameters. This behaviour is
expected for diodes with a well controlled base width : the varia-;

'

tions are directly related to the diffusion length, the more, if
to improve uniformity, the diode chips have been pre-irradiated
at a low dose - not necessarily neutrons - and high temperature
annealed.

Hence, it is important to select the diodes for matched values
of "both" forward voltage and recovery time to ensure identical be-
haviour under neutron irradiation.

EFFECT OF FAST NEUTRON IRRADIATION ON THE CHARACTERISTICS

|
; The forward voltage for high injection current; is a complex

function of base width (W) and diffusion length (L) (8, 9], while
the relation between fast neutron fluence 9 and high level injected
carrier life-time - hence recovery time - is well known to be :

| =K9-

T g

:
|
t

.-. - _ _ __ _ _ _ _ _ - . _ _ _ _ .
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at fluences below 1014 nyt.

For " wide" base diodes i.e. when the base is at least a couple of
diffusion lengths wide (w = W/L > 2) the behaviour is much easier
to understand : when the forward voltage exceeds the diffusion
threshold i.e. :

T (* ! +Vf >_ VS *2U

and w < 3, the diffusion currents penetrating the base will be suf-
ficient to sustain the injected current flow and Vy=V. The vol-Stage drop over the highly doped injecting junctions will remain
important in this region. With decreasing diffusion length a field
will develop over the middle section of the base to sustain the
current. The field and carrier densities will not vary much for
moderate base widths (b $ 12) and a voltage

( -2a6V =U with a = 1 n = 0 to 0 5T L2 Io

will develop over this part of the base and add up to the diffusion
current term. At some point where L has sufficiently decreased and
when

Vf - V' < V3

this term will dominate. Hence for 5 < w $ 12 we expect to find
a region where

2 g

In figure 2 the variation of V T /Yfr f T versus T /T hasr rbeendrawnfortype5430-BdiodesirradiaTed,fromabout5$010up
to 2 1012 nyt. The behaviour is exactly as predicted and for about
halve a decade in fluence starting at ~ 2 1011 nyt this ratio in-
creases with decreasing T /Tr varying by not more than 10 %. Inr o
this part of the characteristic AVf and a 1/Tr = K tp are linear-
ly related and both types of measurements can be simply combined
for improved accuracy. The dependence on initial values evidences
the importance of matching "both" parameters. Figure 3 displays
the dependence of A Vf on A 1/T for the 5430-c diodes.r

READ OUT TEMPERATURE SENSITIVITY AND FADING

- The forward voltage sensitivity to temperature is given by
STUDSVIK as :

V 1 - 8.82 10-3 x (0*C - 22 5) x V '22 5
-

f

~ **U b ~ *f 22 5

_ _ _
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and is dose dependent

The sensitivity of the recovery time to temperature is found to
be dose independent and is given by :

T
1 + 0.005 x (e*c - 22 5) below 60*cT r 22 5

With these low sensitivities of about 0 5 % per degree centigrade
Joule heating of the diodes is likely to be the most important
cause of error due to temperature. It is minimized by pulsed
operation of the readers.

- Room temperature anneal or fading is the main source of errors.
Typical curves are given for A 1/T and A Vf (fig. 4).r
Fading curves cannot be relied upon :

* because of ambiguities about the fraction annealed during ir-
radiation

* despite all precautions internal Joule heating can never be
completely avoided, especially at higher fluences (Vf >, 5 V) :
an unknown fraction, depending on the fluence integrated, is
annealed.

,

To avoid errors introduced by fading the unstable signal com
ponent should be remcved !

PRE-READ ANNEAL

- Pre-read anneal for 2 minutes at 100*c (recommended by STUDSVIK).
While this procedure seems adequate for recovery time and indeed
removes most of the unstable component in A Vf shortly after ap-
plication of the procedure, a steady increase in A Vf has been
observed during the hours following the anneal : up to 7 % after
9 days. Hence, this procedure is inadequate.

- Pre-read anneal for 48 hours at 45'c (fig. 5.a).
Repeated measurements have shown that this procedure effectively
removes the fading effect :

A 1/T remains stable, aVf still fades but this is unpercep-r
tible for all practical purposes : < 10 % 2 years I after
anneal.

Re-irradiation for calibration purposes followed by a second
pre-read anneal (fig. 5.b)
*
recovery time : the fluences cumulate within the obtainable

accuracy, linearity is conserved.
This can avoid the need to rely upon the cali-
bration characteristics of the whole batch.

_. _ .-
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* forward voltage : no real advantage :
* an accurate calibration curve is always

needed

*AVf versus cumulated fluence did not com-
pletely match the original calibration
curve (up to 10 % difference).

HIGH TEMPERATURE ANNEAL

The epoxy coating of the diodes used does not resist to tem-
peratures of 250*C and above excluding reuse of coated diodes for
mechanical reasons.

Annealing for 1 H at 280*C reveals the following :
; - A.non-negligible fraction (~ 20 % - 30 %) of the response remains

having a perfect memory of the previous irradiation history
(fig. 6.a).

- Re-irradiating the H.T. annealed diodes to a known fluence, ta-
king as initial values those obtained after the anneal, can
lead to the false believe that reuse is possible (fig. 6.b)
* before pre-read anneal the values seem to cluster although with
considerable spread

* however : the situation deteriorates the more the higher the
fluence previously received. After pre-read anneal no impro-
vement is observed indicating that the effect does not stem
from the unstable component

*

referring forward voltage and recovery time to the original
pre-irradiation values reveals the influence of the previous-

irradiatione.

Conclusion : reuse of the diodes after H.T. anneal is unpossible,
not only for mechanical reasons but because of the
un-annealed remaining fraction contaminating the
measurement memorizes the previous irradiation his-
tory.,

ACCURACY OBTAINABLE AND TYPICAL RESULTS

- The precision of the readers is a Vf: j; 1 mV ; 6 1/T : 2; 50 nap
the latter is affected by the shnpe of the pulse and can rise to
j; 200 na if the pulse has no sharp edge (about 10 % of the
diodes tested).,

|
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- The influence of temperature is less than 2 % as fading is eli-
minated by pre-read anneal and elevation of the junction tempe-
rature is minimized by pulsed operation.

f; 1 % (1 0) on V , , f; 2 % (1 o) on Tr- Statistical errors are : f o
for the pre-irradiation values.
Af ter irradiation to a known fluence a spread of j; 2 % is still
observed for matched diodes.

- The flux calibration error is estimated to be less than f; 2 %
(1 o).

11 to 1012 nyt the combined- Over a restricted range of ~ 2 10

error (1 c ) does not exceed + 5 % ..

Typical results obtained in PCA (Pool Critical Assembly) configu-
rations 4/12SSC[10]and8/7aregivenintablesIandII.

REFERENCES

(1) S. De Leeuw et al., " Reactor damage monitors and their
application," Proc. of the 3th ASTM-EURATOM symposium on
Reactor Dosimetry, Ispra (October 1-5, 1979).

[2] G. Kramer, "The semiconductor fast neutron-dosimeter
its characteristics and applications," IEEE-NS, 104-118
(February, 1962).

[3] J.C. Lanore, " Etude de l' irradiation aux neutrons rapides

,

du silicium au moyen de jonctions P.I.N.," CEA-R 3061.
!

[4] S. De Leeuw, Internal report N.B.C.-S.C.K./C.E.N. (1969).
I
! [5] J.C. Bauduin, Internal report N.B.C.-S.C.K./C.E.N. (1976).

[6] A. Fabry, J.A. Grundl and C. Eisenhauer, " Fundamental integral
cross section ratio measurements in the thermal-neutron-baduced

j Uranium-235 fission neutron spectrum," Proc. Nue: ear Cross
'

Sections and Technology Conference, NBS Special Publication
'

425, Vol. I, 254 (1975).

[7] A. Fabry, G. De Leeuw and S. De Leeuw, "TF.e secondary inter-;

| mediate energy standard neutron field at the MCL-EE f acility,"
| Nuclear Technology, Vol. 25, nr 2 (February,1975).
i

!



393

[8] A. Rose, " Comparative anatomy of models for double injection
of electrons and holes into solids," Journ. of Appl. Ph.,
Vol. 35, N9, 2664-2678 (september,1964).

[9] J.M. Swartz and M.D. Thurston, " Analysis of the effect of
fast neutron bombardement on the current-voltage characteristic
of a conductivity-modulated P.I.N. diode," Journ. of Appl. Ph.,
Vol. 37, N2, 745-755 (February,1966).

[10]LWRpressurevesselsurveillancedosimetryimprovement
program : PCA experiments and blind test, NUREG/CR-1861,
HEDL-TME 80-87/R5;(July, 1981).

s

a

e

b

!

!

)

|

|

|
___ _ . - . . . - . . - . - --. -

i



394

Table 1 Results of P.I.N. irradiations in the
PCA 4/12 88C configuration

PCA 4/12 (Tg ,,, . 4 0 mi n. )
*

(n t)

Refere indiv. c.11br. After indiv, cattbr. t vu eer/en'
FOS!! ION , ka-1 y q

1000m(a
"'''' " ''&V I'" O IfII'* A ((stW ) FCA

,
;

f 8C o.2 42.4 1 326 o.822 0.80 1.041

1/4 7 25 47 2 1 567 o.955 0 95 1
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NIOBIUM DOSINETRY INTERCOMPARISON IN EBR II AND BR2

H. Tourw&, SCK/CEN, Mol, Belgium
W.H. Taylor, AEE, Winfrith, United Kingdom
D. Reher, R. Vaninbrouckx, CBNM,Geel, Belgium
R. Lloret, CEN, Grenoble, France
H.J. Nolthenius, ECN, Petten Netherlands
P. Wille, GKSS, Geesthacht, Germany
R. Schweighofer, KWU, Erlangen, Germany

INTRODUCTION

Niobium has been used more and more in recent years to perform
fast neutron flux and fast neutron fluence mesaurements in LWR and
fast reactors. The major advantages of this type of detector are
its long half-life and its relative low threshold (< 1 MeV).

1

In order to evaluate the actual state-of-the-art of niobium
dosimetry, an interlaboratory comparison was organized under the
responsability of the SCK/CEN in EBR II. The EBR II niobium foils
were supplemented by foils irradiated in the BR2 reactor at Mol,
since some niobium material was damaged during the EBR II irradia-
tion.

Reaction rate and/or activity measurements were performed by
seven different laboratories :
- Atomic Energy Establishment, Winfrith, United Kingdom (P1)
- Central Bureau for Nuclear Measurements, Geel, Belgium (P2)
- Centre d' Etudes Nucl6aires, Grenoble, France (P3) l

- Energieonderzoek Centrum, Petten, Nederland (P4)
- GKSS Forschungszentrum, Geesthacht, Germany (P5)
- Kraftwerk Union, Erlangen, Germany (P6)
- Studiecentrum voor Kernenergie, Mol, Belgium (P7)

.

The work of these laboratories is discussed in this document.

EXPERIMENT DESCRIPTION AND IRRADIATION CONDITIONS

The EBR II dosimeter rig was irradiated in row 2 for one
reactor cycle from September 30, 1978 till November 13, 1978. The

401
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niobium foils were stacked in stainless steel capsules with 25 km
thick Ti spacers between them. The niobium needles were mounted ,

into holes drilled axially in small stainless steel cylinders. The )
'dosimetry rig and dosimetry capsules were filled with helium gas.

Amoredetailedexperimentdescriptionisgiveninreference[1].

The BR2 niobium foils (thicknesses of 20 pm and less) were
irradiated in a core position along the axis of a fuel element.
The dosimeters were packed in aluminium boxes and separated by
40 km thick aluminium spacers. The dosimeter rig was irradiated
for one reactor cycle from October 31, 1978 till November 24, 1978.

The irradiated niobium material was sent to the different la-
boratories for counting in the summer 1979 All distributed EBR II
niobium material contained a high Ta content (Kawecki : 586 ppm Ta),
while the distributed BR2 foils contained different Ta impurities
(Max planck Institute : 4 ppm Ta; Highways : 209 ppm Ta; Goodfellow
Metals : 510 ppm Ta).

BEHAVIOUR OF NIOBIUM IN EBR II

All niobium foils having a thicknees equal or less than 20 pm
were damaged during irradiation. Only some niobium powder could be
recuperated. Activity measurements confirmed that this powder was
composed for the largest part of niobium material. The Ti spacers

were undamaged. A loss of weight of 4 % to 5 % was noted for
80 m thick niobium foils. The weight of niobium wires remained
unchanged. So there seems to be a correlation betweer. the damage

and the material thickness. There is no correlation with the
impurities in the foils since all thin foils of different origin
were damaged. The damage mechanism, that takes place under con-
ditions of high neutron fluence (equivalent iron fission fluence

~ 19 -2 21n cm-2) and under con-in the range of 5 1 10 n cm to 1 3 10
ditions of high temperature (400 *C to 500 'C), is not quite well
understood. The observations in EBR II do not confirm the obser-
vations made by R. Lloret in RApSODIE. Thin foils (20 km) were
irradiated in similar conditions in rap 40 DIE and no loss of weight

and no damage was noted when using helium or argon as a filling
atmosphere.

WEIGHT VERIFICATION

The detectors were weighted by SCK/CEN prior to distribution.
Five participants verified the 3 weights. The results of this

verification are shown in table 1. The maximum observed deviation
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| TAAt.E 1. WEIGHT VERITICA1' ION OF THE Nb DOSINETERS

--

WEIGHT DITTERENCE IN % p{ x 100

a
a 9 9n n

i 7 7 i o 7 7 o
N N N N N N N N N N N N N N N N N

n n n n n N N n n n n n n n n n n n
$ $ $ m M k $M M $M

g a 2 0 2 2 0
m

,

P1 0.0 +0.1 +15 41.0

P2 +0.1 +1.2 -0.2 +0 7
P4 0.0 -0 3 +0.8
PS +1.2 -03 +0.4
P6

-0 3 +0 3 +0 3

| is 1 5 %. One can conclude that in general the weight accuracy (10)
; is about 0.6 %.

I The participants P3 and P7 used the original SCK/CEN weights;
P1, P2, P4 and P6 used the values determined in their own labora-

j tory; P5 used average values. The results given in this report
were not rescaled to the original SCK/CEN weights.

COUNTING TECHNIQUE

Most participants measured the Nb-93m activity with a Si(Li)
detector, while P4 measured the Nb-93m activity with a hyperpure
Ge low energy photon detector. P2 used besides two Si(Li) detectors
also the liquid scintillation technique.

The area of the Nb K and Nb K
calculate the absolute activities, g peaks of Nb-93m were taken toa

except by P6 who used only the
Nb Ka peak areas. The Nb Kg peak was also considered by P3 when
comparing the activity of the Nb detectors with a Nb-93m fluence
reference source. P2 stated that, when measuring the EBR II/-37.8 cm
detector, the Nb Kg peak was distorted by the overlapping from
W L(X) peaks, so that only the Nb K peak was used for the count
rate determination.

- . _ - . . - , -- _ . . .. _ - _ .-__ _
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SOURCE PREPARATION

The technique of dissolving the irradiated niobium material is
most widely spread. The Nb is dissolved in HF and HNO . Part of3
the solution is evaporated on filter paper or equivalent material.
A list with the characteristics of the deposita used by different
participants in this intercomparison is shown in table 2. The

pycnometer method is the most accurate technique to determine the
niobium weight on the deposits. Moreover this method is less time
consuming than the use of tracers (e.g. Nb-94) for mass determina-
tion. The niobium X-ray selfabsorption in these deposits is of
the order of 0.1 % per 100 g/cm2 niobium material on the deposit,
so that in some cases X-ray selfabsorption corrections may be
required.

P3 and P4 applied a non-destructive technique by measuring
directly the Nb-93m activity emitted by the detector. This method
was also applied by P7 on some BR2 niobium foils (this is however
not the P7 routinely used technique). This is the most simple

technique but it can only be applied on thin niobium foils with a
low Ta content.

Two containers per dosimeter were prepared by P2 for the li-
quid scintillation counting technique. One container was prepared

with Lumagel and one with a scintillator based on dioxane.

TABLE 2. CHARACTERISTICS OF THE THIM SOUPCE DEFOSITS

Al m
NUMBER OF

SOURCE THICKNESS DEPOSITS FER BACKING FRONT COVER WEIGHT DETERMINATION

DOSIMETER

ADHESIVE

P1 MAX. 60 pg ce" 2 COPPER POLYETHYLENE PTCMOMETER METHOD (1) 03%
FILM

PTCMOMETER METHOD (1) 0.03 5P2 3 g 33

AC I T
P3 MAI. 950 kg en 2-5 GLASS PLASTIC FOIL I'E %-2

O

P6 MAI. 30 kg 12 PIPET 07%

70 og co-2 $ - 10 ALUMINIUM PLASTIC PTCMOMETER METNOD (1) 0.6 %
P7 MAI.

(1) PTCNOMETER METHOD : THE PTCNOMETER IS WEIGHTED ON A MICROBALANCE BEFORE AND AFTER THE DROPS
HAVE BEEN EXPELLED

(2) THE LARGEST ENCOUNTERED UNCERTAINTY IS QUOTED

. _ _ . . -
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. CALIBRATION
i

,

Different types of sources were used by the participants to
: calibrate the Si(Li) crystal. An overview is given in table 3

Deposits made of standard solutions have the advantage that the
equipment can be calibrated in exactly the same geometrical condi-
tions as these wherein the niobium deposits are measured. The use
of " solid" sources in the form of radioactif material (evaporated
solution or powder) sandwiched between polyethylene foils is less-

time consuming. However when the use of " solid" calibration sources
is combined with measurements on thin Nb deposits corrections.may
be required for I the X-ray absorption in the polyethylene foils of
the calibration source, the difference in diameter between the nio-
bium deposits and the standard source when measurements are per-
formed in a close-to-detector geometry, the Nb X-ray absorption in
the niobium material on the deposit and the Nb X-ray absorption in
the filter paper tissue or equivalent material. Corrections for
the absorption of the Nb K(X) rays have to be applied when performing

TABLE 3 81(L1) DETECTOR CALIBRATION

i

ISOTOPE RADIATION ENERGY CL T

(1) (EMISSION PROB 4BILITY IN %) (3 ,)

P1 Aa-241 (DE) 11 9(.86 1 03 ): 139(1321 35):
17.8(19 25 1 6): 20.8(4.85 + .2):
26 35(2.4 1 1) 3%

Cd-109 (DE) 22.1(84.4 1 3 0): 25 0(17 8 1 7)

P2 Mb-93m (DE) 16.6 + 18.6 (not applicable) 1%

P3 Nb-93m (P) 16.6 + 18.6(11.6)
Mb-93m (RF) 16.6 (not applicable)

P4 An-241 (P) 26 35(2.40 g .05),

Co-57 (P) 14.41(9 54 + .13)

P5 Mb-93m (DI) 16.6 + 18.6(12.0)
%

i Y-88 (DE) 14.14 + 15 86(61.6)
P6 Sr-85(DE) Y-88(DE)

Co-57(DE) No-99(DE) 5%
Rh-103a(DE)

P7 An-241 (P) 1376-1394(1321 3): 15 9-18.6(19 2 1 4)
20.1-22.2(4 9 1 2)3 26 35(2.40 1 05) 5%

Co-57 (P) 14.42(9 54 1 13 )

(1) DE = DEPOSITJ: P = MATERIAL BETWEEN POLYETHTLENE FOILS DI = DISC 8:
RF = REFERENCE FLUENCE SOURCE

1
Y

- - . - - - , . - - - - - - - . - - ~-- , -- .- .-
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measurements directly on the Nb discs in case the Si(Li) is cali-
brated by means of thin standard sources or by means of standard
niobium discs with a different thickness. Such corrections were

applied by P3, P4 and in a few cases by P7 For a not too low
: solid angle geometry the formula for radiation perpendicular to the

foil is a good approximation :

1 - e%A d
pd

-1
Here in k the attenuation coefficient (P3 and P7 : 167 12 cm for

Nb Ka and 119 98 cm-1 for Nb Kg (2]; P4 : 155 54 cm-1 for Nb K(X))
and d the foil thickness.

P2 calibrated the Si(Li) detectors for the Nb-93m desintegra-
tion rate by means of deposits from Nb-93m solutions that were stan-
dardbwd with the liquid scintillation technique. This approach does
not imply the use of decay scheme parameters such as IKX or Igg / Iga
with the exception of the case of the EBR II dosimeter where only
the Kg peak was measured.

A standard fluence source was used by P3 to detormine the

fission equivalent fluence greater than 1 MeV. This standard disc
was irradiated in a fast neutron fluence, determined by means of
the Ni-58(n,p) reaction, in the core of a MTR type reactor. This
means that the activity of the standard fluence source corresponds
to a certified equivalent fission fluence > 1 MeV. In this way
the neutron fluence was determined by P3 without using the Nb K(X)
ray emission probability.

The values quoted by the participants for the uncertainty (1o)
on the Si(Li) spectrometer calibration are mentioned in table 3

|
The major contributions to the total uncertainty are in most cases

i
the uncertainties on the emission probabilities of the used iso-

| topes.

!
I

FLUORESCENCE CORRECTIONS

Fluorescence corrections could be neglected for all types of

i niobium foils when performing measurements on deposits. P1 made a
| deposition of Mn-54 activity plus a typical amount (40 g) of un-

irradiated Nb. Mn-54 was chosen to simulate the Nb-94 + Nb-95 +
; Ta-182 activity since it has a 100 % emission and the energy of

its Y rays is an approximate average of the Nb and Ta activities.
No fluorescence effect was observed. P5 verified the Ta-182
fluorescencebymeansofthefollowingformula[3]:

A ( a-1 2)
AI = 0.05 x t x A (Nb-93m)

.

- .
_ ,
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where AI is the ratio of the X ray fluorescence induced by Ta-182
and the X ray emission by Nb-93m, t the sample thickness in mg/cm2,
and A the corresponding activities. A value of 0.2 % was calculated
in the worst case. P7 verified the Ta-182 fluorescence by means of
theformula[4]:

""* * * bAI = 3 10-5 xPx
area Nb Ka

Here is P the weight of the deposit in pg; area W Lg and area Nb Ke
are the areas of the W Lg peak and the Nb Ke peak measured with the
Si(Li) detector. This is an empirical formula, that was developed
for a given type of deposit (p 13 mm) and a given type of Si(Li)
detector (80 mm2, 3 mm thick, 1 mil Be window). The Ta-182 fluores-
cence was less than 0.1 % in all cases.

Fluorescence corrections have to be applied when performing
measurements directly on Nb foils. P3 corrected for Nb-94, Nb-95
and Ta-182 fluorescence by measuring their absolute activities.
P4 calculated the ratio between the peak area of Ta-182 (~ 68 kev)
and the peak area of Nb Kg Both participants applied empirical.

proportionality factors. The largest applied correction was 2 %
(all measured discs contained 209 ppm or less Ta).

DECAY SCHEME PARAMETERS OF Nb-93m

The decay scheme parameters that were used by the different
participants are summarized in table 4.

TABLE 4. DECAY SCHEME PARAMETERS OF Nb-93m

Nb-93m HALF-LIFE
PARTICIPANT Nb X-RAY EMISSION PROBABILITY

(YEAR)

P1 15 9 1 0.6 K(X) 0 116 + 0.004

P2 16.0 + 0 5 K(X) 0.116 + 0.004
Kg/Kg 0.188 + 0.002

P3 16.4 + 0.4 K(X) 0 116 + 0.004
P4 16.4 + 0.4 K(X) 0.116 + 0.004

P3 13 0 K(X) 0.12

P6 13 6 + 0 3 K (0.116 + 0.004) x (0.841 + 0.002), g

P7 16.4 + 0.4 K(X) 0.116 ,+ 0.004,
,

_ _ _ _ _ _ _
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All results (activities, reaction rates) given in this docu-

0.004 [5] year [5], a1 0.4ment are rescaled using a half-life of 16.4
Hb K(X) emission probability of 0 116 1 and an emission

probability ratio of Nb Kg to Nb Kp of 0.189 3 0.003 [5]. This
.

was done for reasons of comparison.

Nb-93m ACTIVITY

r

The absolute Nb-93m activities as measured by the different

participants are summarized in table 5 The activities are ex-

pressed in Bq g-1 and are given at the end of the irradiation time.
In table 6 all results within a laboratory are related to sample

BR2/-15 since this sample was r.easured by all laboratories.
Several systematic uncertaintion and especially the most important
one, that for the calibration of the counting device, are usually

TABLE 5 ')'Nb ACTIVITIE8 (Bq g , END OF IBRADIATION)*

LEVEL AEE CBNN CEN ECN OK83 KWU SCK/CEN
BEACTOR

(en) Winfrith Geel Orenoble Petten Geesthacht Erlangen Mol

9 9
EBR II O 2 92 10 3 26 109 2.89 10

Esa II -1.2 2.89 10 3 01 10 2.88 1099 9

8 8 8
Esa II -37 8 2.48 10 2.67 10 2,37 go

j

0 0
BR2 +5 78610 7 85 10 8 16 10 8.15 10 8.44 10 7 84 100

0 0 0 0
BB2 -3 7.77 10 79910 8.21 10 79010

8 0
BR2 -15 7.45 10 77010 7 54 10 8.03 10 7 54 10 8 38 10 7 65 10

TABLE 6. "BESTa ACTIVITIES OF TEE DITTERENT EBR II AND BR2 SAMPLES

ACTIVITY BELATIVE To TEAT OT SAMPLE BR2/-15 j TjFA

TRE OVERALL

AS -.
BEACTop AEE CSPM CEN ECN GKS8 KWU SCK/CEN(ce) ,p

_ Bq g*1Winfrith Geel Grenoble Petten Geesthecht Erlangen Mol (1) 7.76 100

EBa II o 3 87 3 89 3 78 3 85 0.9 5 2.99 109 1.8 5
9

Esa II 12 3 88 3 91 3 76 3 85 1.2 5 2 99 10 2.0 5
0

EBa 11 -37.8 0 333 0 347 0 336 0 339 135 2.63 10 215

8
882 +5 1.02 1.M 1.02 1.08 1.01 1.02 1.03 1.0 5 7 99 10 ,,9 y

0
Bar 5 1.04 1.06 1.02 1.03 1.m o.8 5 A.07 10 1.8 5

f 8

| BR2 -15 1.00 1.00 1.00 1.00 1 00 1.00 1.00 1.00 7 76 10 1.6 5

/E (w, u)#
(1) UNCERTAINTI = , g , 3)

I

_ _ , _
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the same for all samples measured at one laboratory. Therefore,
the ratios of the activities of the same samples measured at the
various laboratories relative to the activity of sample BR2/-15
should be more or less independent from the laboratories involved,
and a mean ratio can be deduced for each of the samples. The
"best" activities of the different samples can be calculated by
multiplying these mean ration with the activity of the sample
BR2/-15 (table 6). The overall uncertainties on these values are
about 2 % . Fig. 1 shows the differences between the measured
values per laboratory and per position and the "best" correspon-
ding activities.

An overview of the different types of uncertainties that con-

tribute to the total uncertainty, in case of the techniques uning
dissolved samples, is given in table 7 Error calculations are
carried out in different ways by the participants. So an attempt
was made in table 7 to find a consensus for reasons of comparison,
that should be acceptable to each individual participant. Orders
of magnitude for the different types of uncertainties are indicated

as quoted by the partici-
pants. Uncertainties due to
the Nb-93m half-life and thea

Nb-93m K(X) ray emission
.= - probability are not given

since all results in table 5a

a - a were rescaled with the same
T /2 and the same I (X). The1 K" -

figures given in table 7 are.

" ~
in good agreement with th e
data in fig. 1..

o
!

..
*

l e From the intercomparison
l j. one can conclude that at pre-

'

| sent the specific Nb-93mi.

ja .

, , o.b' activity in routine niobium
** dosimetry procedures can beo ,

" - *

determined with an accuracy*

of 4 % (using the Wagner me-" ~ *

* UL EE"" thod for error propagation).
t $E ENE" The most inaccurate parame-
| {h$,[Ejh5I ters are the calibration of
! the counting equipment and

the Nb K(X) ray emission pro-
I i | """ *""

: ; ? bability. An error of 2.4 %j j i j j j on the Nb-93m half-life
(16.4 + 0.4) does not contri-,

bute significantly to the to-
tal uncertainty : a decay overFig. 1. Comparison of the

measured Nb-93m activities. a period of 5 year for example
will only contribute for about
05%.

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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TABLE 7 UNCERTAINTIES IN % THAT CONTRIBUTE TO THE 70fAL UNCERTAIRTY ON THE Mb-93s ACTIVITY

ACRIEVABLE ACCURACIES AT
TIPE (1) P1 P2 P5 P6 P7

PRE 8ENT FOR Si(L1) NEASURENENTS

WEIGHT OF THE DOS! METER (R) 0.03 03 0.6 05 05

WEIGHT OF THE DEPOSIT (R) 05 0.03 15 0.7 0.6 0.6

STATI3TICAL (R) 05 0.2 0.2 09 05 05

Mb E-RAY ABSORPTION IN DEPOSIT, Od NEGL. 05 0.1 0.1
FILTER PAPER, ... (8)

CALIBRATION OF COUNTING DEVICE (8) 3 1 2 5 5 3

GEOMETRY CORRECTION (8) NEGL. 02 02

FLU 0rESCENCE (8) NEGL. NEGL. 0.2 0.1 0.1

(LIQUIDSCINTILLATION(8)) (1)

(1) R RANDOM 8: STSTEMATIC
.

Nb-93(n,n') REACTION RATES

Nb-93(n,n') reaction rates were provided by P1, P3, P4, P6
and P7 The reaction rates of P1, P4, P6 and P7 were deduced from
the measured Nb-93m activities (table 5). The observed differences
between the Nb-93(n,n') reaction rates of P1, P4, P6 and P7 are
within O.8 % equal to the differences observed between the measured
Nb-93m activities. So the calculation procedure to deduce reaction
rates from the measured activities introduces only a small error

(1o ** O.3 %) . For this reason and also because only 4 of the 7

participants calculated in this way the reaction rates, the
Nb-93(n,n') reaction rates were deduced from all individual acti-
vities in table 5 with the SCK/CEN procedure in order to calculate

the recommended values. The SCK/CEN procedure is using the fol-
lowing formulas :

EBR II oy = 3 673 10-20 x activity (Bq g ' at end of irradiation)-

BR2 05 = 6 382 10-20 x activity (3q g~i at end of irradiation)

P3 measured the equivalent fission fluence > 1 MeV using a
Nb-93m r ference fluence source. The corresponding P3 reaction
rates, whl-h are considered as a set independent data, are given
in table 8. These values differ by about 3 % from the reaction
rates deduced directly from the Nb-93m activities measured by P3

The recommended values in table 8 were calculated with a si-
milar procedure as the "best" activities in table 6. The total
uncertainties on these values were calculated taking into account :
the uncertainty on the Nb-93m activities, the uncertainty on the

- - - _ _ - - _ - - - - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ - _ _ _ _ - - _ _ - _ _ _ _ _ - - _ - - _ - _ _ _ - - _ _ _ -
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TABLE 8. Nb-93 (n.n') REACTION RATES AT NOMINAL POWER

LEVEL P3 REACTION RATES RECOMMENDED REACTION RATES
REACTOR o

(cm) (a-q) (e- )

EBR II O 1 10 10-10 2.4 %

EBR II -1 2 1 10 10-10 25%
EBR II -37 8 9.66 10-12 2.6 %

BR2 +5 5 21 10-" 5 10 10-'I 25%
BR2 -5 5 20 10-'I 5 15 10-'I 2.4 %

BR2 -15 4 97 10-11 4.95 10-'1 22%

.

calculation procedure to convert activities into reaction rates
(0 3 %) and the uncertainty on the Nb-93m desintegration constant
(2.4 %). The accuracy obtained on the EBR II and BR2 Nb-93(n.n')
reaction rates is of the order of 2 5 %. One can conclude that in
routine niobium dosimetry procedures (not in the frame of an in-
ternational comparison) Nb-93(n.n') reaction rates can be deter-
mined with an accuracy of the order of 6 %.

CONCLUSIONS

|
|

The technique of dissolving the irradiated niobium material in
HF and HNO3 is most widely spread. The pycnometer method is the |

most accurate method to determine the niobium weight on the depo-
sits. The fluorescence corrections due the Nb-94 + Nb-95 + Ta-182
activities were very small and they had little influence on the
observed differences. This indicates that, when irradiations are
performed in a high neutron flux environment and when the dissolving
technique is applied, the quality of commercial niobium is suffi-
cient. Direct foil measurements are only feasible on pure niobium
material (low Ta content) and when correction factors for fluores-
cence were established.

Most of the countings are performed with a Si(Li) detector.
Suitable calibration sources are : Am-241, Cd-109, Y-88, co-57 and

Nb-93m. The calibration uncertainty, together with the uncertainty
on the K(X) ray emission probability, determines the accuracy on
the Nb-93m desintegration rate.

..

. _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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As a result of this niobium intercomparison reaction rates in
EBR II and BR2 were determined with an accuracy of the order of

2 5 %. It was shown to be possible in routine dosimetry procedures
that accuracies of 4 % and 6 % respectively on the Nb-93m activi-
ties and on the Nb-93(n n') reaction rates are achievable.

i
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DEVELOPPEMENTS RECENTS DES CHAMBRES A FISSION
DANS LE DOMAINE DE LA DOSIMETRIE DES REACTEURS

G. Daguzan - C. Fiche - H. Lupo - P. Menessier
Commissariat A l'Energie Atomique - Centre d' Etudes Nuc16aires de CADARACHE

BP. N* 1 - 13115 SAINT-PAUL-LE'Z-D'?RANCE (FRANCE)

ABSTRACT

This paper described some fission chambers applications,
in neutron dosimetry, both for research and power reactors.
1 - Miniature pulse fission chambers (0 71,5 mm), equiped
with transsactinium isotopes deposits.

With this nuclides we can improve the knowledge of the
neutron spectrum, for basic experiments in characteristic
lattices.

2 - High sensibility pulse fission chambers with reduce
volume. In particular they were used in the realization of
an equipment to follow the fusion of a fuel pin in a safety
experiment.
3 - Pin chamber (0 1,5 mm) designed for continus neutron
flux measurements in power reactors, in order to point out
power peaks during electric load follow transients.

Le principal moyen pour effectuer des mesures neutroniques au sein
des r6acteurs a 6ts, pendant longtemps, l' usage de d6tecteurs d' activation.

Le principal defaut de ces derniers est de fournir une mesure dif-
f6r6e, ce qui est un defaut r6dhibitoire lorsqu'il s'agit de suivre des
ph6nomBnes Gvoluant rapidement dans le temps.

D'autres types de detecteurs ont donc 6t6 mis au point, comme par
exemple les compteurs A protons de recul, les ensembles scintillateur -
photomultiplicateur et, notamment, les chambres A fission qui, en plus
de leur rale classique dans 1' instrumentation de base des coeurs, sont
mises A contribution dans de nombreux domaines.

C'est ainsi que differents laboratoires du CEA ont 6td amen 6s A
d6velopper, ces derniBres anndes, diff6 rents types de chambres A fission
adaptds A des problBmes sp6cifiques.

Seront ainsi d6crites les techniques utilis6es :
1 - Pour la fabrication de chambres A fission miniatures, utilis6es pour
la mesure de paramatres neutroniques de base dans des maquettes de rdac-
teurs de faible puissance, et utilisant une tras grande vari 6td de
d6 pots fissiles.

.../...
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2 - Pour la r6alisation de chambres 3 d6 pats de neptunium, entrant den
grand nombre dans la fabrication d'un dispositif conqu pour suivre les
ph6nomenes associns A la fusion d'une aiguille de combustible.

3 - Pour la realisation d'une chambre-aiguille prototype destin6e A la
mesure du flux en continu dcas les r6acteurs de puissance.

CHAMBRES A FISSION MINIATURES CONCUES POUR LA DOSIMETRIE
DANS DES REACTEURS DE FAIBLE PUISSANCE

Deux types principaux de chambres a fission sont fabriqu6s, pr6vus
pour fonctionner en impulsions.

A - Chembres d'un diamStre de 4 mm, associ6es A un prolongateur de lon-
gueur variable dont elles peuvent Stre s6parnes.

B - Chambres d'un diamatre de 1,5 mm, intngr6es A leur prolongateur, dont
elle ne peuvent*Stre s6pardes.

Pour chacune de ces deux chambres seule l' anode regoit, habituelle-
ment, le depSt fissile.

Son diametre est de 2,5 mm pour les chambres de G 4 mm et de 0,7 mm
pour les chambres 1,5 mm.

La longueur de d6p8t, partie sensible, 6 tant de 10 mm dans les deux
2cas, les surfaces actives sont donc respectivement de 0,78 cm2 et 0,22 cm ,

La matiBre fissile est g6ndralement d6posde par 61cctrolyse, la masse
superficielle ne devant pas d6 passer 1 mg/cm2 si l'on d6s*te discriminer
correctement les impulsions de fission des impulsions parasites (bruit de
fond et alphas).

La limite inf6rieure, pour la masse d6posde, est de l'ordre de
10-5 mg/cm2,

Description des chambres'

A - Chambres G 4mm (Fig. 1)

Ces chambres se pr6sentent sous la forme d'un cylindre de 4 mm de
diamStre et 23 mm de longueur, sortie axiale non comprise.

Le passage 6tanche, du type alumine-titane, a une sortie axiale
flexible afin d'6viter les contraintes dangereuses sur la brasure enra-
mique-m6tal lorsque la chambre est coup 16e A son prolongateur.

L' anode et la cathode peuvent Stre rnalisses en acier inoxydable, en
inconel, en titane ou en zircalloy si une faible absorption neutronique

.../...
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:
; est exig6c.
,

La distance anode - cathode est de 0,5 mm, le gaz de remplissage.

(argon le plus souvent) 6 tant introduit sous une pression de 12 bars. '

lLa capacitG est d' environ 5 pF, les impulsions ayant une durne in- '

ferieure 3 100 nanosecondes.
,

Moyennant un ddgazage approprid, la tempdrature de fonctionnement
peut atteindre 300 3 400 *C.

La tension g6nnralement appliqu6e est de 300 V, mais le palier haute-
tension dGbute le plus souvent entre 50 et 100 v.

La canne coaxiale servant de prolongateur a un diamatre de 5 mm. sa
capacitG dtant de 40 pF par mBtre. Sa longueur peut atteindre plusieurs
mBtres, la limite sup6rieure stant fix6e par l' augmentation du bruit de
fond resultant de la capacitG appliqu6e au prdamplificateur.~

B - Chambres 0 1,5 mm (Fig. 2)

j Dans ce modale, chambre et canne coaxiale sont solidaires et remplies
du mLme gaz.

'

1

L' ensemble se prdsente sous la forme d'une aiguille de 1,5 mm de'

diamBtre, tras flexible, dont la longueur est habituellement de l'ordre
j du mBtre mais peut atteindre facilement six matres et plus si l'on fonc-

tionne en courant.

Une prise coaxiale est adapt 6e h l'extremit6 de ce tube pour le rac-
j cordement au pr6amplificateur.

. La partie sensible (d6p6t de matiBre fissile) est centrae A 10 mm de
) l'extrGmite et son support (anode) est maintenu par deux piBees en rubis

synth6tique.

Un fil de 0,1 mm, iso 16 par des tubes d' alumine, relie l' anode A la.

prise de sortie.

Les matsriaux utilis6s sont les mGmes que ceux adoptGs pour les cham-
bres $ 4 mm.,

La distance inter-61ectrodes est de 0,3 mm , le gaz de remplissage
(argon) 6 tant introduit sous une pression de 15 bars.

Pour une :0ngueur de chambre de 1,00 m la capacit6 est de 60 pF, les
impulsions ayat.t une durne de l'ordre de 50 nanosecondes.

La temp 6rature de fonctionnement peut atteindre 350 *C.
4

*

Ce type de chambre est extr&mement peu sensible au rayonnement gamma,
une ambiance de 107 R/h ne cr6 ant pas d' impulsions parasites genantes.

.../...
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i Problames pos6s par l'utilisation de ces chambres

Les chambres @ 4 et @ 1,5 mm dont les principales caract6ristiques
viennent d'8tres donndes sont destin6es a fonctionner dans des flux neu-
troniques souvent peu 61ev6s (103 3 109 n/cm2/s).

Leur sensibilit6 est le plus souvent suffisante car il est possible,
pour un grand nombre de corps fissiles, et dans certaines limites, d'adap-
ter la masse du d6 pot aux caracteristiques du spectre neutronique mesurd.

Dans la majorit6 des cas l' amplitude des impulsions dues A l'6 mission
! des produits de fission par le d6 pat est nettement sup6rieure A celle des
| impulsions issues du bruit de fond et des alphas 6 mis par l' isotope fissile.
i

Ceci n'est vrai cependant que si le taux d'6 mission alpha est suffi-
,

samment f aible pour qu'il ne se produise pas d'empilements.
t

Pour des chambres A fission realis6es avec un isotope fort 6metteur
alpha cette derniBre condition n'est plus remplie, et des precautions par-

,

ticuliares doivent Stre prises pour la mise en oeuvre de la chaine diec-
tronique amplificatrice.

Les isotopes fissiles pour lesquels le probleme se pose en terme
aigus sont :

P6riode : 462 ans _+ Activits : 1,2 1011 a/s/g2%t Am -4-

_. Activit6 :6,43 1011 a/s/g23ePu P6riode : 86,4 ans--*
; 2""Cm P6riode : 18,1 ans _, Activits :3,00 1012 a/s/g__.
i

i L'41ectronique utilisse, tres classique , se compose d'un amplifi-
cateur de charge, plac6 le plus pras possible de la chambre, relin par'

| une ligne coaxiale basse imp 6 dance a un amplificateur admettant des impul-
! sions A temps d'6tablissement rapide.

Cet amplificateur est lui-meme reli6, soit 3 une schelle de comptage
soit le plus souvent 3 un analyseur multicanaux permettant de d6finir
avec une meilleure precision l' int 6grale du " spectre de fission" ddlivr6
par la chambre.

Pour les ddpots fort 6metteurs alpha il est n6cessaire, soit d'adap-
ter tras correctement la liaison preamplificateur-amplificateur soit, dans
les cas extrames, de mettre en place dans la chaine de mesure un amplifi-
cateur A seuil destind 3 61iminer les impulsions alpha avant qu'elles ne
soient appliqu6es 3 l'amplificateur final (Fig. 3, Fig. 4).

CHAMBRES DE HAUTE SENSIBILITE, A DEPOT DE NEPTUNIUM

Dans le cadre d'6tudes de sGret6 des r6acteurs, effectudes sur le
r6acteur CABRI A CADARACHE, et relatives A la connaissance des mouvements
de combustible li6s A une surpuissance volontairement provoqu6e, une ins-

2.trumentation a 6td mise au point par des specialistes du r6acteur concern 6

.../...
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Ce dispositif de surveillance des mouvements de combustible, appe16
hodoscope, met en oeuvre un grand nombre de chambres A fission ayant une
bonne sensibilit6 pour la d6tection des neutrons de fission.

Principe de l'hodoscope (Fig. 6)

La position du combustible est d6terminee A tout moment par la d6tec-
tion des neutrons rapides 6 mis par celui-ci lors des fissions dont il est
le siBge.

Le but est d'isoler les neutrons de fission issus d'un 616 ment de
volume du mat 6riau fissile, avec une certaine direction, de ceux prove-
nant du coeur nourricier, diffus6s par diff6rentes structures, et consti-
tuant la principale source de bruit de fond.

Les deux 616ments constitutifs principaux d'une installation du type
hodoscope sont :
a) Le collimateur
b) Les detecteurs.

a) Le collimateur

celui-ci permet d' assigner A chaque d6tecteur une zone d' observation
spatiale d6terminne au niveau du combustible et d'empecher, dans la mesure
du possible, la detection des particules issues des r6gions voisines.

Le collimateur est un bloc prismatique de 3 metres de long, compre-
nant 3 colonnes de 51 canaux de section rectangulaire. Chaque canal per-
met d' observer une zone de 10 mm de large et 20 mm de haut.

AprBs un parcours d' environ 4 mBtres dans le vide, les neutrons at-
teignent un ensemble double de d6tecteurs, places l'un derriBre l' autre
en face de chaque canal du collimateur,

b) Les ddtecteurs

La plage de puissance A laquelle est soumise l'hodoscope 6 tant trBs
grande, deux jeux de compteurs, d'efficacit6s differentes, ont 6tn adopt 6s,
a savoir d6tecteurs A protons de recul et chambres A fission A d6p6ts de
''Np.

Seules ces derniBres sont 6voqu6es ci-aprBs.

Le principal prob 1Bme A resoudre etait de pouvoir d6 poser la plus
grande masse possible de Neptunium sans augmenter exag6r6 ment les dimen-
sions de la chambre, ceci en respectant une masse superficielle de d6p6t
G I mg/cm2 afin que ceux-ci soient bien adherents.

La forme adoptee a 6te celle d'une chambre cylindrique renfermant un
assez grand nombre d'51ectrodes planes, ce qui a conduit A un espace inter-
Electrodes faible ( % 0,7 mm), d'on la n6cessit6 d'obtenir des diectrodes

!
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i i

porte-depots tras planes.
;

Cette condition s'est r6v616e d'autant plus difficile A remplir que,
lorsque le d6p8t est realis6, sur chacune des deux faces de l'61ectrode,
cette derniere est chauffde A plusieurs centaines de degr68 pour l'ntuver

|
et qu'une cambrure se produit de fagon presque systematique. i

Caracteristiques genGrales (Fig. 5)

. Diamatre extdrieur : 35 mm

. Longueur de la chambre 115 mm
,

. Mati&re utilis6e : Acier inoxydable
Isolateurs : Alumine haute puretd.

. Nombre d'61ectrodes porte-d6 pats : 94, soit 188 d6 pats par chambrei

j . Electrodes acier inoxydable, 6paisseur : 0,1 mm
'

. Distance inter-61ectrodes : N 0,7 mm

. Gaz de remplissage : Argon U + 0,2 % NU2*

Pression de remplissage : N 6 bars; .

. Capacite totale : 420 pF'

Isolement : % 2,5 1010 0 (mesur6 avec ddp8ts Np realis6s)'
. '

. Densit6 des d6 pats : 1 mg/cm2, r6alis6s par electrolyse'

237. Masse de chaque depat : 2 mg de Np
Forme des depbts : rectangulaires (I x 2 cm).

.i

. Activits y au contact (d6 pats de Np) : % 6 mrad /h!

Tension de fonctionnement : 350 V.

Les piaces sont nettoydes par ultra-son et un d6gazage est effectus
avant remplissage de gaz, a 400 *C sous une pression de 10-6 Torr.

Les soudures sont faites a l' arc, sous argon.;

| Ces chambres peuvent fonctionner jusqu'3 une temp 6rature de 250*C.
Les impulsions d61ivrdes ont une largeur d' environ 80 ns.

Des chambres identiques, quant 3 la conception, au volume et & la
j masse de matiares fissile d6posee, ont 6t6 realisdes avec de l' uranium 235.

i Leur sensibilit6, dans un spectre thermique, atteint 0,3 impulsion /
,

! neutron /cm2/s.
!

t
i

CHAMBRE AIGUILLE PROTOTYPE POUR LA MESURE DU FLUX,

! DANS LES REACTEURS DE PUISSANCE
l
|

: Si l'on demande aux Centrales 61ectronuc16aires d' adapter la puis-
' sance qu'elles d6bitent 3 celle, variable, demand 6e par le r6seau de' dis-

tribution diectrique, il en r6sulte des transitoires de puissance pouvant
entrainer une'd6formatior du flux, donc l' apparition de points chauds.

<

La connaissance permanente du flux neutronique en un maximum de
; points du coeur est donc souhaitable.

L' existence de d6tecteurs filiformes et de faible dimensions, qui

i

.../...
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pourraient etre introduits 3 poste fixe en assez grand nombre, 3 diff6-
rents niveaux du coeur dans des canaux de mesure, afin de donner en per-
manence le profil du flux, serait donc bienvenue.

Ces d6tecteurs devraient r6pondre aux conditions principales sui-
vantes :

. Etre peu sensibles au rayonnement y

. Avoir une r6ponse ne d6 pendant pas de leur temps de s6 jour dans le flux
neutronique (consommation du d6p5t)
Fonctionnement correct pendant au moins la dur6e d'un cycle..

Les chambres a fission miniatures possedent des caractdristiques qui,
moyennant des am611 orations dans certains domaines, peuvent* r6soudre le
problDme pos6.

Il s'agit des chambres-aiguilles, d'un diamatre de 1,5 mm, d6ja
mentionn6es pr6c6demment.

De nombreux essais ont demontr6 leur insensibilits au rayonnement y.

En ce qui concerne l'usure du d6p6t au fur et 3 mesure de l'augmenta-
tion de la fluence neutronique, qui est de l'ordre de quelques 1.102in/cm2
pour un cycle de fonctionnement, la combustion de la matisre fissile du

2'5d6 pat 0 peut atteindre 50 %.

Jne solution possible, a cette disparition de la matiare sensible,
celle de la fabrication d'un d6p6t reg 6ndrable en matiare fissile toutest

au long de l' irradiation.

Cette r6g6n6 ration s'effectue par l'apport d'un corps fissile vierge,
3 partir de la capture neutronique d'un corps fertile, compensant la dis-
parition par fission de l' isotope fissile d'origine.

Plusieurs combinaisons de m61anges : corps fissile - corps fertile
existent, conduisant 3 des durGes de vie variables et S une plus ou moins
grande sensibilit6 aux variations de spectre neutronique,

pour les essais effectu6s au CEA un m61ange de 0 et de 23"U a 6t623s
choisi 3

Des expJriences r6alis6es dans un r6acteur experimental, avec une
21 n/cm2, ont montrG que la compensation d'usure du d6 patfluence de 10

: r6alis6e 6 tait tres bonne.

Mais la temp 6rature de fonctionnement ne d6passait pas 70 *C.

D'autres essais sont actuellement en cours, dans des coeurs dont la
temp 6rature est de 300 *C, afin de v6rifier la tenue dans le temps de ce'

type de chambre et de mettre en 6vidence des ph6nomanes parasites sven-
tuels susceptibles de nuire 3 la qualit6 du signal.

.../...
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Ces chambres ont une technologie identique 3 celle d6crite dans la
premiBre partie de ce rapport, seule leur longueur est port 6e 3 8 matres.

Elles subissent un d6gazage pr6alable tras soigne (600 *C pour les
piBees m6talliques, 1200 *C pour les alumines).

Compte- tenu de leur capacit6 61ectrique un fonctionnement en cou-
rant est adopt 6, 50 pA environ 6 tant debit 6s pour la puissance nominale
(d6 pat de ,40 pg de 23s ),g

!
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ON THE NEUTRON SPECTRUM MEASUREMENT BY MULTIPLE FOIL ACTIV-
ATION METHOD A PARTICULAR CHOICE OF DETECTORS AND OF.

COUNTING TECHNIQ'JE.

A. Cesana, V. Sangiust, M. Terrani
Politecnico di Milano, Istituto Ingegneria Nucleare - CESNEF

Milano, Italy
G.Sandrelli

ENEL, Centro Ricerca Termica e Nucleare
Milano, Italy

ABSTRACT

The use of (n, fission) reactions only and the
determination of the fission rates by delayed neu-
tron counting is proposed for neutron spectra mea-
surement by multiple foil activation technique. A
set of detectors suitable for nuclear reactor dosi-
metry could be: 232Th,233u,235U,238u,237Np,238/239/
240/2hl u and 2hl m. The results of a measurementP A

performed with these monitors are presented. Advan-
tages and drawbacks of this technique are discussed.

:

INTRODUCTION
,

In neutron spectrum measurement by multiple foil activ-
ation technique, the reaction rates per atom of a number of
nuclear reactions: ( n , y) , (n,p), (n,a), (n, fission) etc. are
usually determined by counting the 8 or y radiation from the
reaction products. Starting from those rates and a guess
spectrum, through appropriate adjustment techniques (e.g. SAND
II or STAY'SL codes) the desired solution is obtained. Our
proposal is :
1) to use only fissionable nuclides as flux monitors,
2) to determine the fission rates per atom by delayed neutron

counting.

The main advantages should be :
a) the longest delayed neutron half life being about 55 s,

the measurement can be performed in a short time;
b) raw data handling in order to estimate the reaction rates

is very simple;
c) problems connected with counting efficiency determination

are greatly simplified, hence an accurate determination
of the delayed neutron activity is expected. In particular

425
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the efficiency is the same for all the monitors.

EXPERIMENTAL

The reaction rates per atom of the ten isotopes listed
in Table 1 were experimentally determined in a known neutron
spectrum and compared with the values computed in it.

Monitors

The fissionable materials (each a few milligrams of
oxide powder), sealed in small Zircaloy vials, 4-mm-diam, 8

furnished by the Oak Ridge Nationalto lb-mm-long, were
Laboratory and the Radiochemical Centre of Amersham.

The monitors were transferred to and from the irradiat-
pneumatic system. The pneum-ion and counting positions by a

atic tube was 10-mm -d i am , 10-m-long. The transit time wass

about 0.6 s.

Table 1. Fissionable monitors and related nuclear data
.

_

! GROUP 2 | GROUP 3
GROUP 1

ISOTOPE A(s-1) y A(s 1)' y j A(s-1) y |

I I

Th 0.0124 1.85 E-3. 0.0334 8.18 E-3 0.121 8.45 E-3#

233 0.0128 7.10 E-h; 0.0356 2.18 E-31 0.143 1.8h E-3iU

* I 0.115 1 59 E-3! U 0.0127 6.45 E-4 0.0317 3.62 E-3

U 0.0132 5.86 E-b 0.0321 6.17 E-3 0.139 7.30 E-3#
i

i

237 4.90 E-bl 0.0318 3.10 E-3 0.123 2.51 E-3fNp 0.0127

238 Pu 0.01h0 2.68 E-h 0.0317 1.11 E-3 0.140 1.19 E-3 ,

239Pu * 0.0129 2.49 E-L 0.0311 1.83 E-3 0.134 1.42 E-3|

Pu 0.0128 2.65 E-b 0.0317 2.63 E-3 .0.115 1.26 E-3|O

241 ,0.0128 2.76 E-h 0.0317 3.70 E-3 0.137 2.98 E-3,i

Pu

An 0.0122 1.92 E-b 0.0310 1.16 E-3 0.126 6.55 E-4
!

# From Ref. 1
o
From Ref. 2.

--
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Irradiation Position

It was inside a Bhc filter situated near the L54 reactor
core. The neutron spectrum resulting from a multiple foil ac-
tivation measurement 3 is shown in Fig. 1.

I T

E x
% io .

R
c
_

X o'i
3
a
E

6
a.io

D
O

_

u
O to'.

_

iaf . [

i . . .

t o" * io ' io ' io" so i
~ -*

ENERGY (MeV)

Fig.l. Neutron spectrum inside the BgC
filter.

Counting Position

It was placed at the centre of a h0-cm-diam, 80-em-long
paraffin cylinder. Neutrons were detected by a 5-cm-diam,
50-em-long BF3 proportional counter embedded in paraffin
parallel to the cylinder axis.

0.076 0.002,
,

The neutron detection efficiency was c = 1n
independent of the delayed neutron group considered. I

Fission Rate Determination

The monitors were irradiated ten times each. The time
schedule of the runs was : irradiation time 180 s, waiting
time 60 u, counting time 120 s, so that only the first and
second delayed neutron groups were considered (see Table 1).

|
,
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Since the monitors are themselves weak sources of neutrons
(produced via spontaneous fission and/or (a,n) reaction on
oxigen), the background was separately determined for each
of them.

The reaction rate per atom was obtained from:

C - C*,-

(1)R= u(E)*(EldE =
,

t,, { 1_e-.1,t,, _ .1,t . _ ,1, t .i''

s.: 8

where:

total neutron countsC =

correction for background and contributions from fission-C =

able impurities.

The yields yi and the decay constants Ai were those re-
ported in Table 1.

Time required

The determination of the ten values of R, each one measur-
ed ten times, required the work of one operator for less than ,

two days.

* i
Results

In Table 2 the experimental reaction rates per atom are \

compared with the values calculated in the spectrum of Fig.l.

The cross section library (40 group energy structure as
reported in Table 3) was derived from ENDF B/lV for all the nu-
clides but for 232 h, for which these data were derived fromT
ENDF B/y.

The original 620 group cross section library was furnish-
ed by Centro Calcolo CNEN-Bologna (Italy).

Taking into account the errors on the cross s e c tions , t he
agreement can be considered very good.

A
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Table 2. Comparison between calculated and measured
reaction rates per atom.

I

Nuclide Reaction Rate ( x 1015) Deviation %
l
- Measured Calculated

232 Th 2 56 i O.14 2.Cl + 2

233
U 323.11 17.0 299.5 -8

235
U 210.91 11.0 216.6 + 3

238
U 10.211 0 51 10 93 +T

237 Np 67.2 1 3.6 72.4 +7
238 Pu 164.71 10 7 165 9 +1

239 Pu 223.31 12.0 217.0 - 3

240ru 80.3 1 5.0 77 5 -4
241

Pu 279.41 17.0 282.2 +1

Am 71.7 1 4.4 69.4 -3

Table . Energy limits of DISCUSSION AND CONCLUSIONS40 group structure

The proposed technique is
Group Lower Limit attractive from many points of

view, in particular from the
experimental one. Nevertheless,

1 1 (-4),eV
some drawbacks must be consi-

2 0.69 dere'd.
3 2.30 A) A constraint on the choice
4 T.60 of the monitors implies ne-
5 25.5 cessarily the loss of some
6 84.0 amount of information. An
7 0.30 kev " improvement factor", defin-
8 0 50 ed as the ratio of the "old"
9 0.80 to the "new" errors in group

10 1.35 fluxes, computed by STAY'SL
11 2.20 for our set of fissionable
12 3.80 detectors is shown as a
13 6.00 broken line in Fig.2, where
14 10.0 the full line represents the
15 17.0 integral normalized flux. It

_ _ _ _ .
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Table 3. (cont.d) is clear that, in spectra like. .

Group Lower Limit that one considered, this set
of fissionable detectors can-

sy M and al amount" a a
'16 27.0 kev f int rmation to that contain

,
.

O ed inzue guess specuum in
18 72.0 the low ( E< l . 5 kev) and high
19 0.12 MeV

( ?"*#EY #*8 98*20 0.20 * #*#8
** Y" * " *" tg any oger

*
21 0 32 .

is commonregion
22 0 55 in the highset of detgetors, ,23 0.69 energy regl n an improvement
24 0*88 Could be obtained by adding

t the present set some thres-
26 1*50 hold detectors such as 231 aP

f* or 23hU, which however are
difft ult to obtain and for

29 3.10 which nuclear parameters such
30 h.0 as er ss se tions and delayed

,

31 50 neutr n ylelds are Poorly
32 6.0 known.
33 70
34 8.0 Looking at the integral

.O flux distribution one cang n lude that in this kind
37 11.0 f spectra the proposed set
38 12.0 f detect rs gives a response
39 14.0 ? ,

*" * * **E l'* " "" #~
40 16.0 --18.0 gy region.

#
Read: 1 x 10 B) Serious interference from pho- ,

tofission is expected in some
cases. Photofission effect is important for threshold detect-
ors (232Th, 2380 etc.) irradiated next to intense sources of
capture gamma radiation: e.g., for 232Th contributions of the
photorission to the total fission rate up to 40% were measur-
ed near the pressure vessel of a reactor *. The same problem
arises for some reactions of commoner use, e.g. (n.n ) react-
ions.

Due to uncertainties in the photon spectra and photo-
fission cross sections, an accurate determination of the
correction is at present' impossible. However in our case,
as well as in several situations, typically at the boundary
or inside the core, this correction is negligible.

C) Fission yields are energy dependent, so that in principle
one should use a set of fission yields for each spectrum.
The dependence of delayed neutron yields on neutron energy
is not well established.

.
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Fig.2. Detector response versus group numbers.

They are believed to be Practically constant for neutr-
.

on energies up to 4 t 5 MeV, whereas at higher energies
they decrease and, at about 7 MeV, they reach a new pla-
teau which' extends up to lhMeV at least,. Since most of
the neutrons in reactor spectra are included in the first

; energy interval (e.g., in our spectrum only about 1% of
the neutron flux is above 4 MeV), one can take the value
corresponding to the first plateau as yield value. This

- procedure required in our case a correction of less than.

5% for 232 h and 238U and less than 1% for all the other-T
monitors.

D) Delayed neutron decay constants and yields (and their de-
pendence on neutron energy) are at present quoted with
rather great uncertainties and for many fissionable nu-,

| clides they are not known at all.

Considering the quoted errors, relatively great un-
j certainties in the fission rate determination were expect-

ed. Our results indicate that the situation is not worse
for the set of fissionable detectora used than for other
sets of detectors commonly employed,-

i

However, a better knowledge of the necessary nuclear
parameters (yields and cross sections for neutron and pho-
ton induced fission) is advisable. In our opinion the

!

i
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advantages offered by this technique justify some effort
in this field.
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MEASUREMENTS WITil THE NI0BIUM REUTRON FLUENCE DETECTOR AT THE PTB

W.G. Alberts, R. Holinagel, K. Knauf, M. Matzke, W. PeBara
Physikalisch-Technische Bundesanstalt

D-3300 Braunschweig, Fed. Rep. Germany

ABSTRACT

The emission probability for Xg radiation from ' Nb"
was determined to be pK = 0.107 + 0.003. The activity of

| thick metallic niobium foils after irradiation with 252Cf
spontaneous-fission neutrons was derived by measuring the
emitted Xga-rays with a calibrated Ge detector considering
self-absorption in the foils. From these measurements a
fission spectrum-averaged cross section of (149 + 10) mb |

for the 93Nb(n,n')93Nbm reaction was derived. ~

l

INTRODUCTION

The importance of the niobium activation detector in reactor neutron
metrology is underlined by various publications on this subject presented
at previous ASTM-EURATOM Symposia on Reactor Dosimetryl-5. The increasing
practical use of this detector is documented by another paper presented |

6in this symposium . The well-known advantages of this detector are the
low energy threshold of the reaction 93Nb(n,n')93Nbm and the long half-
life of the generated nuclide which allows long irradiation times for
neutron fluance determinaticn.

The reliability of reaction rate measurements was, however, undermined
by the fact that several of the nuclear parameters involved were not well
known,leadingtoquoteduncertgntiesintheorderof30%.Itwasonly

*

recently that the half-life of Nb", for which published values had
varied from i1.4 a 2 to 19.1 a 7, was established by two working groups
in Geel and Grenoble who measured (15.9 + 1.0) a 8 10and (16.11 + 0.19) a ,

respectively. For the present work we use an adopted value of
(16.0 + 0.5) a 9,12. For neutron flux density determination by Nb activa-

_

tion the reaction rate in the Nb detector has to be derived: N R = N c$o o
(N number of Nb atoms in the detector, R reaction rate per atom, a reac-o
tion cross section, & neutron flux density). The derivation of a neutron
fluence from a reaction-rate measurement thus requires the knowledge of
the cross section of the reaction. The activity of the irradiated sample
is given by A = N R (1-exp(-At)) (A decay constant of 93Nbm, t irradiationo
time), introducing the decay constant as the second important quantity.
The activity is usually determined by the measurement of the X -radiationg
following internal conversion of the M4 transition of the 30 kev level to

433
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.

93Nb. According to A = /(cg.pg) ($ count rate and cgground state in
ef ficiency of the X-ray detector, pg emission probability for the Xg-
radiation), the emission probability is the third significant parameter.

It is the aim of this paper to present a new determination of the
as well as a measurement of the spectrum-averagedemission probability g2cross section in the Cf spontaneous-fission neutron field.

EMISSION PROBABILITY FOR Nb" X-RAYS

Erperimental Equipment

The Xg-radiation of the Nb" was measured with a cooled high purity
germanium detector of

16.6 mm diameter and
S0urce holder 5 mm depth. The effi-
[~ ciency curve was care-

fully measured in the'

standard geometry
.. . [- (source-detector distarec:

-

h} '' '

y
60 mm). In this geometry

y-_,y the spectrometer is

'-
_.

N-

-
,

M -- furntshed with two colli--

SOUfCe ' @ mators (Fig. 1). The

v[ source collimator pre-a

imator / E
'

"""" N vents scattered photons

:-
w 1 from impinging on thePb Coll.

60 Cryst 0! detector (Path 1), andg
the detector collimator

Fig. l. Detector arrangement in prevents photons from
the standard geometry hitting the edge of the

germanium crystal where
charge collection is incomplete (Path 2). This arrangement together with
calibration sources on thin VYNS (polyvinylchloride polyvinylacetate co-
polymer) foils leads to proper line shapes in the spectra.

For the ef ficiency calibration in the energy region 6 to 35 kev the
65Zn, 85Sr, 88 , 109Cd and 125I andX -radiations from the nuclides 57Co 7

I251 were used. The activity of allthegammaradiationsfrom 241Am and
109 coincidence method. The

Cd was determined by the 4ng m Xsamples except
5'Co-y and the A L radiations were ex-most frequently used 14.4 kev

cluded because they do not match the resulting efficiency curveII.

The efficiency c is determined according to c = /(p.A) ( measured
pulse rate in the peak, p emission probability, A activity). The
measured points were corrected for absorption in air, in the Be window of
the cryostate,inthe Au layer in f ront of the crystal, and for the escape of

the germanium-Xg photons. This procedure leads to an energy-independent

.

- . _
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efficiency curve in the energy region where the intrinsic efficiency of
the detector is I, allowing a good interpolation (Fig. 2). I

,

1

85Sr
65 n 2417g Am

2.0 -

5700 [' 88y 29gg 12 5

I I fl [[Dx
8 =10'' ~ *

.9f - ..". *c-
-

-=

.9 _

::=
1.5

- ' ' ' ' ' 'w
O 10 20 kev 30

Energy =

Fig. 2. Corrected efficiency curve for the standard geometry

93; g Emission Probabilities for Nb"

t! sing the well established efficiency curve, the emission probability
93Nbm could be determinedIIpg for X -radiation fromi according to theK!

relation pg = g/(cK. A) . The 93Nbm sources were prodaced by dropping
onto VYNS and polyceter foils weighed amounts of a solution of known
specific activity determined by CBNM Geel l2 with the liquid scintillation'

methad. The results of measurements with the high purity germanium
detector are listed in Table 1. The uncertainties are standard deviations;
the relative standard deviations of the components are 0.3 % for g, 2.5 %
for cg, and 1.3 % for A, yielding 2.8 % for pg by quadratic summation.

Table 1. Emission probabilities

for 93Nbm g-radiation
i.

; p = 0.107 i O.003g

pB!P = 0.195 + 0.001K M _

p = 0.0892 + 0.0025g

pK6 = 0.0174 + 0.0005

MEASUREMENT OF TIIICK NIOBIUM FOILS AT LOW DISTANCE

The low reaction rate which is unaviodable in irradiation experiments
with a californium neutron source (see next chapter) yields a low activity.'

Two things can be done to raise the count rate. First, the mass of the
i

,_ , . _, _ _ _ _ _ . . - .



_- _ . .. . ..

436

sample can be increased thus increasing the induced activity. This makes.

necessary the consideration of self-absorption effects of the 16.6 Xg-
radiation within the foil. Secondly, the sample-detector distance can
be decreased. In this case self-absorption and soild-angle calculation
can no longer be handled separately.

The calculation was performed using a program D0DE which was original-
ly developed for the very similar situation when measuring the 20 kev
X-rays of an activated Rh foil l3. With this program a " detection probabi-
lity" is caluclated, which is defined as the ratio of photon current im-
pinging on the detector to the photon emission rate within the foil. This
definition requires the assumption that the intrinsic efficiency of the
detector is 1. (For a thin source without self-absorption the detection

probability is equal to the efficiency Eg.) The program also considers the
absorption of the X -radiation in the Be window in front of the detector.g
Photon scattering within the foil as well as the influence of the foil rim
are taken into account in this calculation. The mass attenuation coeffi-

18.219 cm /g (155.8 cm-1).2cient at 16.6 kev (Xg) was taken from Ref. 14 as
Calculations were performed to judge the influence of various parameters
on the detection probability. Fig. 3 shows the variation according to the
diameter of the sample and Fig. 4 that according to the distance between
sample and detector, each for three foil thicknesses of 0.1 pm (standard
sample, no self-absorption), 28 pm and 56 pm.

n 0.25 0.1pm 3
2"'*--

, 0.20 -

28pm=
1=

! $ 0.15 56pm -

e
' N
,8 0.10 -

p, parameter:

5 0.05 - foil thickness
a
e

0 ' ' ' ' ' ' 'u

0 2 4 6 8 10 mm 14

d =

Fig. 3. Variation of the detection probability
with the foil diameter d. Foil-detector
distance 5 mm, detector diameter 16.6 mm.
Numbered points referred to in the text.

_
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a 0.25
0.1pm

3 0.20 -

2 28pm
O

y 0.15 56pm

8
= 0.10 -

U

g parameter: .p

.s .05
- fail thickness0

e
8 i

0 ' ' ' ' ' ' '

0 4 5 6 7 8 mm 10
g =

|

Fig. 4. Variation of the detection probability
i with the foil-detector distance a. Foil'

I diameter 10 mm, detector diameter 16.6 mm.

CROSS SECTION OF Nb (n . n ' ) Nb" AVERAGED OVER
Tile 252Cf SFONTANEOUS FISSION NEUTRON SPECTRUM

| Irradiation Experiment
'

,

l

An irradiation experiment was performed in the PTB's 252Cf sponta-
neous-fission standard neutron fieldl5,16. Metallic niobium foilg of
10 mm diameter and 28 pm thickness were irradiated close to the '52Cf
source which had a neutron source strength of 2.3 108 -l. This neutrons
field has a well-known spectrum with a negligible proportion of thermal

! and epithermal neutrons. Therefore negligible activation of impurities
(180 pg/g of tantalum) was ex cted, which is an advantage compared to
reactor-irradiated Nb samples

The flux density during the irradiation was monitored by indium foils
(thickness 50pmgInin sandwich geometry (Fig. 3) using the 115In(n ,n ')] 15In

m
f reaction. The II m activity was determined by measuring the 336 kev

Y-rays with a calibrated Ge(Li) detector. The neutron fluence in the
indium foils was calculated based on a spectrum-averaged cross section of
(195 + 5) mb measured earlier with the same source 16. The decay of IISIn"!(half 1ife 0.1869 d) as well as that of 252Cf (half-life 2.65 a) during
the irradiation period was taken into account. The irradiation time was
about 40 days and the neutron fluence 1.2 10I4 -2,cm

_ - _ _ _ _ - _ _ _ _ _
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el 5 2 3674
Cf

in Nb in In Nb Nb in

Fig. 5. Schematic view of the source-
sandwich configuration

93Nb" Activity Determination

3The Nb" activity of the metallic foils was determined measuring the
Xg-radiation of 16.6 kev relative to that of a standard sample of the type
described before , both at a 5 mm distance to the Ge detector. Since the

activity of the foils was only about 3 Bq a measuring period of 160 000 s
was taken in the middle of which the

K sample was reversed to minimize the2
n -

93Nbm distance uncertainty. Fig. 6 shows-

*

the pulse-height spectrum from which
> the peak area of the Xm-ray could

z 200 -

be evaluated with a standard devia-
E tion of 3 %. The long period measure-
.E

"
ments were performed inside a lead

"
shield in order to reduce the back-

5 .' ground and the external excitation

7100 - .. of X-fluorescence radiation in Nb.
E Ge K0 Using the curves in Fig. 3~' -

0 - Xx-Escape :, j the count rate of the foil could be
I corrected to make it comparable tos.

.hki utM jL. m - that of the standard sample. Start-
0 _

ing from Point I and going to
channel number =

Point 2 we find that due to self-

Fig. 6. Pulse height spectrum absorption the detection probabili-

of Nb Foil 5 obtained
ty is a factor of 1.32 smaller for

with the Ce detector
28 pm than for 0.1 pm. This*

after 80 000 s. c rrection contains only a 0.5 %
contributton from scattering and rim

,

effects. It has a relative uncertainty of 1.5 % derived from an assumed
5 % uncertainty of the attenuation coefficients used in the calculation
and an additional 3 % uncertainty arising from an assumed + 1 pm uncertain-
ty of the foil thickness due to inhomogeneities which were not investigated.

In a second step, going from Point 2 to 3 in Fig. 3, we find an in-
crease in the detection probability for a smaller source diameter of a
factor 1.082, for which the uncertainty was assumed to be negligible. Now

_ _ _ - . . .- . . . . _ .
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the count rate can be compared directly to that of the standard sample
of which the activity is known, as mentioned before.

Spectrum-Averaged Cross Section Determination

Two foil packs were irradiated on opposite sides of the source (Fig.5).
The Nb Foils 6 and 7 were disregarded because inconsistencies in the eva-

luations of the respective In moni-
Table 2. Uncertainty determination tor Foils 3 and 4 did not allow the

for the cross section derivation of a flux density for
the Nb foils. From the activity

Source of Uncertainty Rel.Std.Dev, of Nb Foil 5 and a decay parameter
A = I.1861 10-4 d'I(half-life 16 a)in %
a reaction rate per Nb atom
R = 5.5 10-18 s-1 was calculated.Count rate of Foil 5 3.0

Count rate of standard 0.5 Using the average ressit of the two
Activity of standard 1.3 In Foils I and 2 y eldi g flux

Sample-detector distance 0.8 density $ = 3.7 10 cm s , we

Self-absorption 3.3 btain a spectrum-averaged cross
j 93Nbm half-life 3.1 section for the 93Nb(n n')93Nbm

Indium cross section 2.5 reacticn of U = R/$ = 149 mb. The
! Indium activity 2.5 uncerta.tnty of this value was cal-

Syst. uncertainty of culated by quadratic summation
flux determination at 2.0 f the contributions listed in
Nb foil position Table 2 which were estimated as

standard deviations.
Total 7.0

SUMMARY AND DISCUSSION

Littleinformationisavailableontheegrgy-dependentcrosssection
for the formation of the metastable state in Nb. A recent measurement in
the energy range from 0.85 to 5 MeV was performed by WilliamsI7, who eval-
uated this cross section as the sum of all y-ray production cross sections
which feed the isomer level. Strohmaier performed statistical model calgul-
ations which are the basis for a sg of evaluated group cross sections I

shown in Curve 2 of Fig 7. Hegedus proposed a set of group crorss sections
(Curve 1) which was obtained from Nb activation measurements in reactor
neutron spectra. This cross section was derived as being proportional to
that of the reaction 103Rh(n,n')l03Rh"andcongainsscalingfactorsdueto3decay constant and Xg emission probability of Nbm. Spectrum-averaged
crosssectonswe35 calculated from the abovg cross sections using a Watt0expression for U and the NBS evaluationd for the 252Cf fission neu-
tron spectra. Due to the low energy threshold of the reaction, there is
only a small differenca between the values for both spectra (see caption
of Fig. 7).

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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0 2 4 6 8 10 12 MeV 14

NEUTRON ENERGY =

93 I9Fig. 7. Cross section for the activation of Nb proposed by (1) liegedus
and (2) Strohmaier et al.18. Averaging these cross sections over
fission neutron spectra (see text) one obtains:

235U 252Cffission spectrum

og 97 mb 99 mb
158 mb 162 mbIT2

Table 3.Fissionspgtrum-avagged In order to compare our cross

cross sections for Nb(n n') Nb" section result with those of other
authors it is necessary tn agree upon

Reference Cross Section f nu le g decay data.a c um n set
For the half-life of Nb" we take the

(mb) value of (16.0 + 0.5) a as adopted

I9 in Ref. 9. The Xg emission probabilityliegedus 1971 155 + 55
24 164 I 12+ was redetermined as p, = 0.107 + 0.003.

Kobayashi 1979
38 158 + 16+ Previousvagesused gotherauthgsStrohmaier 1980 were 0.129 , 0.122 and 0.11625 177 7 40

.

Sakurai 1981
235

Present work 149 - 10 Tabic 3 shows various U

fission spectrum-averaged cross sec-
tions, rescaled to our set of decay

+ Uncertainty does not include data with the exception of Stroh-
contributions from A and p . maier's value which was derived by ag

different method. The uncertainties
in the table are those given by the authors and accordingly rescaled.
The uncertainties of the results obtained by liegedus and Sakurai contain
large contributions from the uncertainties of A and pK and are therefore

regresentativefortheactualsituation.Theonlyknownmeasurementnot
Cf fission neutron spectrum, performed by Shani26, was not included22in a

in the tabic, because no proper rescaling was possible from the given data.
93Nb(n,2n)92Nbm as the onlyMoreover, his use of the competing reaction

fluence monitor seems to be doubtful because of the high threshold (9 MeV)
and the unsatisfactory knowledge about the cross section. As a by product
we have determined this cross section as (0.7 + 0.2) mb measuring the
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935keVy-raywithverylowcounting7.Thiscrosssectionmaybestatistics. Another value found in
the literature is (0.88 + 0.04) mb
remeasured in a future experiment.

Acknowledgement: The authors gratefully acknowledge the measurement
of the ll51nm and 92Nbm activities by Dr. U. Schutzig.
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CAWIA-RAY INDUCED RANGE CONTRACTION IN POLYMERIC NUCKLEAR TRACK DETECTORS;

ACTIVATION ENERGIES, DIFFUSION COEFFICIENTS AND JUMP FREQUENCIES.

A. Afranian
Atcmic Energy Organization of Iran

NRC. P.O. Box 3327 Tehran-Iran

ABSTRACT

Dielectric Nuclear Track Detectors (DNTDs) are used for the detection
and identification of charged particles 1 x Z s 92 for such measurements as
absolute fission rates and fission cross sectiona in reactor cores, and
high background % rcy fields. Comparative range measurements and simula-

tions employing accelerators have been made showing that above certain t-
ray dose 1.evel, reduced particle registration sensitivities lead to erro-
neous results in ranges. A prospective study based on the effect of Co-60
y-rays on Am-241 alpha-particles (5.48MeV) is made predicting variations =

in sensitivities. Activation energies of 0.44-0.Sev and diffusion coeffi-
cients for y-ray induced annsating and range contraction are calculated.

.

INTRODUCTION

Examples of charged particle induced annealing in dielectric mate-
rials were first observed in mineral crystals >2 and plastic dielectrics '1 3

Thus samples irradiatcd with charged particles were either pre-or-post ir-
2radiated with doses of up to 1017 protons /cm at 10Mev/nua, causing reduc-

cions in nuclear track registration and retension efficiencies. Energy
resolution of various detectors is generally dependent on the stopping

; 443

L



448

power of a material and the critical energy lose rate, (dE/dx) critical 4
Aunder normal conditiona of track registration, the lighteet particles yg

have an entrance energy at the detector surface that is 1 the threshold
energy (dE/dx) 2 (dE/dx) crit Ao auch stopping power and (dE/dx) crit data
are used for charge Z, and energy 2, determination. The ensuing y-ray in-
duced annealing and the accompanying changes in (dE/dx) crit have be m mea-
oured for He-4, in a cellulose nitrate detector, CA80-1S*, (C H 0 N ) An6892
attempt is made to account for the procecces resulting in range contrac-
tion; this often cauces difficulties and ambiguities attendant to the nu-

Smerical specification of the effect . A greater difficulty is that the
complex reactions of the activated species (electron-holea) created by po-
lymeric chain breakage due to secondary electrono, implicate too many free
parameters to allou valid conclusions. These difficulties are reduced or
climinated if one considera a dose-LET relation for the energy loss in a

nuclear track. In this case there is no need to find or construct a nu-
merical scale of effect fer predicting the extent of T-ray annealing, as
one acka by definition only, for equality of the effect. Therefore both
coordinates in a graph of doce veroua percentage track retension Fig (1)
refer explicii;ly only to physical quantities,

Experimental Procedures

2Samplea of the detector CA80-15,100pm, thick and one cm area were
exposed to S.48MeV, Am-241 alpha-particles. Irradiations vere made in a
vacuum chamber at 45 and 9000 to the detector plane using a collimator.
Detectora vere then exposed to Co-60 T-rays for various exposure times and
doses. Etching solutions vere 25% NaOH at 600C. Follouing celective cFw-
mical etching the rangea vere measured using an optical microscope at 900X.

Annealing (range-contraction)and empirical relations

The use of an appropriate detector with an optimum sensitivity to
*CA80-15 made by Kodak Pathe' France
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light charged particles e.g.1=Z, is a powerfht tool in terms of charge
and energy resolution. Thus quantitative data about such pammeters as
Eopig (critical energy of registration) and Rmax (maximum etchable range)
are nececcary for charge and energy identification. Hence the etching
velocity along the track Vt increases exponentially uith (dE/dx) auch that

i

f(dE/gx) - (dE/gx) crit E |Xb II)Vg=Vb exp a

is the bulk etching rate, IV =Vb/ Sin e), e is the angle of incidenceYb t

and a, is a constant, for the etching solution. Therefore tm ake wilt not
be etched in the detector where particle energy E exceede Ecrit There-

fore, particlee vitt register at the detector surface only when Eo=Ecrit
and a particle with (Ecrit +b E)uilt need to crose a thickness Ax and lose
energy hE, so that after a given etching time t=hx sine /Vb tmake my be
revealed. Empiricatty, Ax can be defined as hx=(E Ecrib/(dE/dx) ave.o

Hence i-ray annealing affects the track length by increasing AE. For a

given t- my dose, AEmax, is the maximum sub-ionization energy toet before
,

,

the particle can be observed, after a required etching time t,

( A E) max * (Vbt/ Sin e ) (-dE/dxlavenge (2)

Ploting the range-energy curvees(dE/gx) average for alpha-particles
in CA80-15 have been measured # as 1.4Mev mg"1 cm2

Resulto

Figures (1 and 2 ) shou the effect of T-my doses, for Am-241 alpha-
particles and comparative values for the different quantitative pamme-
teve are provided in table (1). The sudden increase in Vb at 30 mad cor-
responde to a change in the irregular layered structure of the polymer

3chaine becoming more ordered . The probable threshold for Co-60 y-annea-+

ting can be set at around 300X Pado, and the extrapolated upper limit;

lies around 75 NRad whence tracks are completely annealed and the detec-

tor is increasingly crystalline. Thus Ecrit for Am-241, a-particles at
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Fig , ( 1) . percentage retension in track length as

a function of gamrna-ray dose.

1
.

O=900 is reduced from 5.48 MeV at come 500 KRads to 4.13MeV, at 43.0 Mrad,

corresponding to a decreace in censitivity (dE/dx) crit (at Eo=5.48MeV) of
20.84 to 0. 98MeV mg-1, em , and at Eo=0, of 0. 7 to 0.88MeV mg-1 2cm , uith

roughly a third of the range observable.

Quantitative considerations and stimulated ranae-contraction

0Amongest the various processes involved in stimulated T-ray annea-
ling, the potentials affecting auch positive or negative charges within an
overall framevork of compton electron tracks are considered. Average spa-
cings of 200-500A have been obtained for electron holes (and/or activated _
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Fig.(2) Co-60, f-ray annealing of C<-tracks in CA80-15 at 8=90' and
300"K for 1st to 4th order rates, n=1 to n =4

o
mdical specico), and F-centera of 4500A , for an absorption of one Rad.
Such energy deposition interrupts the overall equilibrium and electrical
neutrality of the latent track by creating an cbundant supply of carriers
needing small activation energies, for reorientation and further recombi-
natione. This vill in turn act up amall indigenous electric fielde predo-
minantly in the peripheral regions of the track leading to preferential
annealing. With a rough apprc.rimation the field set up by a pairof charge

o
carriera at equilibrium and come 100A apart (c=2 for CN at 27 c), is E=Ko

Eq/cr =7.2X100 Vm-1, chere K=1/4nc =9X10 , and e=1. GX10-200o cmu. Assuming
that positive and negative charge carriers have a Ma.naell-Boltzman distri-

bution of energies and velocities uhen considered ao particles, the RMS of

auch a diotribution is V = v'3kt/m, n being the effective mass of theT
aarrie.., (i.e. the free electron). Thus at 300 0 K, VT=1.1X10 m. sec~1,5

t
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~1yielding an induced charge mobility y=V/E=0.153 m2 V'1 eec Based on

Fick's lav, this leads empirically, to a diffusion coefficient D=(KT/q)p=
3.96X10~2m . sec~1, and an electron jump frequency, y=3D/2r2=5.94X10142

5sec~1 With Co-60, yielding compton recoil electrone of Eave =577 kev ,the
3 10 kev /cm3 Assuming atotal energy deposited /cm from one Rad is 8.74X10

value, N=5X1011 active centers /cm3 in a latent track at equilibrium, it
vill be observed that even though the field sustained is somewhat decreased
(2.88X106 V.m-1) by a dose of one Rad the jump frequency is not signifi-

12 Sec~1 The density of theuantly affected at this dose, being T=5.93X10

active centere however increases from SX1011/cm3 at one Rad to 2.2X1019 at
44 bMad. Indeed the increased track annealing potential (decreased regie-
tration efficiency) at high T-doses are related to increased charge mobi-
lity. Suzuoki, have suggested that oxidation products, such as the main
carbonyl (C=0) stretching mode in the IR region 11 at 1720 em-1 act as 20-
calised centere and deep traps by ohich the hopping transport of the "in-
Sected electrons occur". Hence according co the simple hopping transport
theory, the mobility p, can nou be eapressed as: ya E-1 sinh (qh/2KT).,
where E is the field induced ca1d h the hopping dietance. Using an app Ved

field of 2-CX10 V.cm~1, Fischer9, have obt;ained a hopping distance of some6
o

10A for a plot cf log pVa.E uhase alcpe indicated X. This is the value em-
ployed by us5, assuming a mdical concentration of 5X10 %C3 in a track1

o
with a monomer diameter of 10A or a mean icn spaci1g assuming uniform die-

tribution of 10 nm after a dose of one Mrad. This and our diffraction

|
studies 3, comfirm our assumed dimensione, indicating an essential correla-

0tion uith the resulte of Hannay , that tracks have not been found in semi-
conductore having mobilities above 150 cm2 y-1. Sec-1, and between 35 to
150cm2 V-1 Sec-1, for track forming thin filme?, of MoSeg, Mote 2 and WTe2

| All higher doses, (greater % crystallinity) injected electrone and the
thermal release of space charges captured by physical trape in the crysta-

8lline regions , are likely to move across these regions and counter, track
Iregistration. Thus ce have calculated *, activation energies for annea-

o
ling of a-particles at 300K, of 0.46 eV to 0.5eV for T-doses of 0.5 to

044 MRade at O=90 , and 0.4 eV to 44cV at O=45 .

I
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Conclusion

The onset of T-my induced annealing of particle tracks in SSNDTs

io found to be some 400 KRada. Thua in studias of (n,f), (n,a), parti-
cle recoil /intrinaio neutron docimetrj and/or T-heating monitors in T-
ray fields the neceaears corrections for particle or enhanced, reductions
in mnges and/or. track ugistration efficiences should be carried out.
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ENERGY DEPENDENT SENSITIVITIES FOR NEUTRONS
O_F SOLID STATE RECOIL TRACK DETECTORS
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Hokkaido University, Sapporo, 060 Japan

KATSUHISA KUDO, TAICHI MICHIKAWA
Electrotechnical Laboratory, Ibara.kiken, 305 Japan

ABSTRACT

Energy dependent absolute sensitivities for neutrons of solid
state recoil track detectors (polycarbonate and cellulose nitrate
foils) were measured with monochromatic neutrons (the energy range of
1.9 MeV to 5 MeV) from D(d,n)He reaction with the ETL Van de Graaff
accelerator. After irradiation and chemical etching, an automatic
track counting system, Luzex 450, counted the number of etched tracks.
The theoretical energy dependent sensitivities were calculated using
the local energy loss theory by R. Katz and E. J. Kobetich and good
agreement with the observed results was obtained. '

INTRODUCIION

Polycarbonate and cellulose altrate foils are capable of detecting
fast neutrons by recording recoil carbon, oxygen and nitrogen atoms
from neutron elastic collisions as well as alpha and recoil particles
from (n,a) reactions. The neutron energy dependent sensitivities of
the recoil track detectors are more complex than those of fissica
track detectors, which are determined from the fission cross section.

K. J6zefowicz and others have measured energy dependent sensitiv-
lfties -5. F. Spurny and K. Turek tried to determine them theoretically

by conducting an experiment at several points of neutron energy.2
Their results seemed to show a discrepancy between theoretical and
experimental sensitivities in lower energies (<4 MeV) of neutrons.

The present report describes an experimental determination of the
neutron energy-dependent sensitivities of polycarbonate and cellulose
nitrate foils in detail in the energy range of 1.9 - 5 MeV. These
results were compared with the sensitivities calculated from the
threshold energy for track formation, which were determined by the
local energy loss theory by R. Katz and E. J. Kobetich.6
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EXI'ERIMENT

Several sheets (2.5 cm x 52cm) of polyharbonate (Teijin Takiron
PC-1600, 500 pm) and cellJ1ose nitrate (Kodak LR-115. type II, 13 pm)
were mounted on an aluminum ring holder,and placed at a distance of
10 cm from a deuteron target on the Van de Graaff accelerator at Elec-
trotechnical Laboratory as shown in Fig. 1. Consisting of tid on a

.

NEUTRONS ,

s

VAN DE GRAAFF ACCELERATOR )0
I >' ~~

~

10 cm ----->
Torget (ilD)

( l.71 tieV )
I RECOIL TRACK

DETEtTORS s

\ o
;

Fig. 1 Experimental arrangement for the sensitivity determination
of recoil track detectors.

0.25 mm Ta backing, the targen has a thickness of 270 pg/cN . Deuteron
beams of 1.71 !!cV from the aci.clerator were bombarded with the target.

The energy of neutrons emitted'at an angic 0 to the direction of.the
motion of the deuteron beams iE gtyen by j

En = [ J7Ed ca0 + ( 8 Ed a c ,0+ +T (
1 - 2 3 1 1/2 2

*
4 4,

Where Ed is the energy of the deut ert;ns and y is the Q viilue of D(d n)lle
reaction (3.26 MeV). A standard neutron'yf t:1d was measured by a semi-
conductor detector with a polyethylene radiator, which is the Japanese

.
standard measurement system of fast. neutrons.7 The emit ted neutron

12
) energy and the fluence are 4.935 1 0.0085 MeV and 1.535 x 10 n/sr

respectively at 0 - 0'. The equation (1) shows that the measurable
neutron energy range in this experivent is 1.9 - 5 MeV. The neutron-
yicids of the D(d n)lle reaction wera calculated frou the differential
cross section at Ed = 1,71 MeV(Fig. 2).

After irradiation, the polycarbonate sheets were etched at 70*C in
30% Koll solution for 15 minutes. The celluloac nitrate films received
a 300 minutes etch at 50'C in 10% Naoli, enough to make through etched
tracks. The diameters of the tracks on PC-1600 were nearly 1 pm and
those of LR-115 holes, 3-10 pn.:

i The number of etched tracks were counted.with an automatic track
counting system, Luzex 450, manufactured by Nihen Regulator Co., LTD
(through-etched tracks only for LR-115) .

The measured energy dependence of the neatron sensitivity K(E) fa

t

i

,, , - . . . -, - . - . . - . . , - - , , -- .- -_ . ,- -_ . n- -
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shown by the broken line for the

.dt ( m b/" ) polycarbonate PC-1600 in Fig. 3""
and for the cellulose nitrate*

49 . LR-115 in Fig. 4.
4 .

=

j 2 -

.

f8- TilEORETICAL ESTIMATION OF
30 -

p .. ...a *a ~

THE SENSITIVITIES., . w . r * * P',a a a"i ,

roe <,

0 jo so 30 120 ISO 140

* I" The detectable ion density
20 - - R*(E) of the recoil track detec-

tors is given by
Dif ferential cross sec tion

R*(E) = [ Pi(E)*Ri(E) (2)E d = 1.7 tM ,y

i
10 - -

where Ri(E) is the secondary
particle density of the 1-th
type generated in the reactions
caused by neutrons with an in-

0 cident energy E, and Pi(E)-

50 100 150 denotes the probability that
0(*) the secondary ion of the 1-th

Fig.2 D(d,n)He differential cross section type has a kinetic energy
and the emission angle dependence of capable of forming an etchable

track,
the neutron energy Ed = 1.7 MeV. In their local energy loss

theory, R. Z. Katz and E. J.
Kobetich have proposed the

Table ! Minimum and Maximum Energies of Detectable
Secondary Particles Estimated by Katz and Kobetich's
Theory

~..:~. -..~ ~-~.~~.~ ~ ~:.~::: : :: :::::::.~:.::::: .~ ::~ ~:: ..~ : .~~ ~.~. : .- .. . : : . : ..
Minimum Energy Maximum Energy

. . . . .. . . . . .. . . . . . . . . .. . hl a .15e Yl . .. . . . . .. . .. h n 10t Y L .. . . . . . .

PoLYCARBONATE

c-12 0.32 (1.14) * 43.2
0-16 0.37 (1.66) 96.0
He-4 C.22 1.24
C-13} O(n,a! (3.65)0.35 46.8

CELLULOSE NITRATE

C-12 0.24 (0.85) 149.
O-16 0.32 (1.44) 320.
N-14 0.28 (1.13) 216.

If}Nin,a) * (1.02) 8,

He-4 0.10 4''
C 13 } O(n,a) (3.65)0.26 161.

|
|

* (---) : Lower limit of the neutron energy corresponding
to Emin.

.

I 1

l
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criterion for determining etchable track formation using several ion
species in plastic detectors. According to the criterion, the secondary
ions can produce etchable tracks only when their kinetic energies lie in
a range between thi maximum and the minimum values shown in Table 1.
Detectable neutron energies are determined fro'.a the Pi(E) corresponding
to these energy ranges of ions in Table 11.

From these results the detectabic densities R*(E) were calculated
and also shown by curved lines in Fig. 3 for PC-1600 and Fig. 4-(a),(b)
for LR-115.

Toble !! Probability that the Secondary Particle Generated
fran 1-th Type Reaction Has a Kinetic Energy Capable of
Forming Etchable Track

Elastic Scattering

Neutron Energy Detectable Neutron Energy P!(E)
E E-Emu < E (E-Emin

P(EE')

<a> -1 _", _ _ _ , , _
(tq)E

Emin

E < 1-q g,..

E-E E-Emin q E Emax

P(E+E')

co) _
L___t

E !- f*8"
Emin max (1 - =OEgE 5
l-ag 1-dg

- ; gr.,

E'E-Emax g E E-Emin

P(E.5')
n

(c) 'j/e E.... E.i.(tq>E
E (I - "' Em0* E

/$. ;E'
E-E Eq E E-Egax min

(n,e) Reaction

n,ir...n h. su. " ->- ei
All neutton d. 8 [.. -i' sern, ,, ,

U" ' " '*" g
energy

s to- sie, i t..,0
, , , ,

'l * gg y g . m 0,= m tg

aufla M,mtrom . cst, ers-90f tlCle, Airesidual nucleus

e

. , . -
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DISCUSSION AND CONCLUSION

Figure 3 shows the energy dgpendence of the measured sensitivity
and the detectable ion density R (E) of the polycarbonate detector.
The theoretical values agree well with the observed results in the ex-
perimental energy range; Jdzefowicz's results (En < 2.2 MeV) are shown
by the cross in the same figure. IIIs data also show a shape similar to
our calculation except for the absolute values, which depend on etching
conditions. The sensitivity K(E) increases with neutron energy E when
E < 3.8 MeV and decreases gradually above this energy.

For cellulose nitrate LR-115, shown in Fig. 4(a), the experimental
sensitivity obtained from the through-etched tracks does not agree with
the theoretical R*(E), which was calculated for all kinds of the second-
ary particles (Z 2 2) produced. The through-etched track can be produced
by secondary charged particles with a long range. Alpha particles

14 (n.a)llB and 16 (n,u)l3C reaction in cellulose nitrategenerated from N 0
are responsible for the through-etched tracks in our experiment.8 The
R*(E) obtained by using only a-particle is shown in Fig. 4(b); as shown,
the agreement of the theoretical and experimental sensitivities for
LR-ll5 is good in this case. Detailed discussion of the through-etched
track considering the foil thickness will be reported by T. Sawamura in
the near future.Il

X 10'' , , , .
,_

^

'
ui

7hr)(xf) "E
2 - x Jdzefowicz's data (Makrofal E etched with KOH:

Ji_Presentexperiment (PC-1600) R'( E ) --+ v

pCalculateddetectab le track density
_ f 1.0 '-'

1 1 1- -

W Ilf W,

-

f' a
-

.-M T1 -

4 K(E) pf kI " '

y Lx ax
't k x

x

X f a t E

I 2 3 4 5
Neutron Energy (M eV )

Fig. 3 Experimental sensitivity K(E) and detectable track density

R*(E) for polycarbonate PC-1600.



456

-6x 10
#

(c) R*(E): the case of all ^
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(b) R*(E): the case of only a particle, p
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Fig. 4 Experimental sensitivity K(E) cnd detectable track densities
R*(E) for cellulose nitrate LR-II5.

(a) R*(E): the case of all secondary particles Z2 2.

(b) R*(E): the case of only a particle.
,
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The difference of the absolute sensitivities between various count-
ing methods is shown in Fig. 5. This value suggests that for absolute
fluence determination such as neutron dosimetry, it is advisable to
compare results with a reference detector exposed in a standard neutron
ficid.

Though F. Spurny and K. Turek selected several lower threshold
energies of the secondary ions arbitrarily, the present experiment and
results show that the minimum and maximum energies obtained by R. Katz
and E.J. Kobetich's theory are accurate indicators and can be used reliably.

We have successfully used the solid state recoil track detectors
for reactor physics experiments using the fast neutrcn source reactor
"YAYoi" installed in the university of Tokyo.10

10-4
~

re
i , , , , u .

E
$ Mokrofoi E(6.25N KOH,60*C,7hr)

PC-1600(30% V0H, 70 *C,15 min)y iK. Jo,zefowiz),

-

E y-V (Present Experiments)

vd ....****s .

g 10-5 -

|gf
** *

. . . . s
-

. ' . '*

8 *sf'.,v ~s...~ i
.- y

5 Naturol Urantum Fission F011

5
"

09 O
2 ) d Od
8 10-6 - y of \d _

b (0 oOCr? O
LR-il5ThroughetchedTrackfO[/U

y
W O

(Present Experiments) A-

C / A
G 10~7 - 00 -

b |
5 Ag LR-il5 Sparktounting

E (T. Sowomura)
8
v>

I t t i i ff a n

0 1 2 3 4 5 14 15.3

lieutron Eneroy E (fleV)

Fig. 5 Comporison of obsolute sensitivities for several detectors
and counting methods.
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SENSE OF DIRECTION: AN OBSERVATION OF TRENDS IN
MATERIALS DOSIMETRY IN THE UNITED KINGDOM

i
M Austin

Rolls-Royce Et Associates Ltd
Derby, England.
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r

" Materials Dosimetry" requires no epic discoveries to be made before its successfulimplementation in
relevant areas of nuclear pbnt evaluation. Rather it needs only the careful and standardised application of
existing techniques, underpinned by a rigorous uncertainty analysis. Such application makes it possible
to set targets for dosimetry programmes which will be consistent with the uncertainties inherent in otheri

materials evaluation variables.

la spite of this apparently promising prognostic, such an approach does not yet exist for dosimetry
applications within the UK. This is not to say that UK dosimetry evaluation is left in the hands of the
calculator. Much valuable and detailed experimentally-based analysis has been carried out on UK reactor
systems, but to date this has been largely " project based". Little attempt has yet been made to " pool"
the experience so gained for the general benefit of UK workers in the field.

This paper therefore summarises important UK dosimetry applications to date and reviews the major
areas of present development and investigation. Connections with current international programmes and
the advantages of a higher level of interaction among UK workers are discussed. It is argued in
conclusion that this increase could be achieved by the establishment of a forum for UK dosimetry
comprised of specialists from all projects and reactor types. Besides providing an opportunity for
discussion such a Group would allow for the effective dissemination of the results of the development
work already referred to, and the definition of standardised techniques. A more effective UK presence on
associated international bodies should also result from such an arrangement.

BACKGROUND

The objective of this paper is not to attempt an exhaustive review of British dosimetry practice, but rather
to present an observation of its important trends. Originating as it does from one of the smaller
organisations within the UK nuclear industry, this view cannot pretend to be entirely representative of the
industry. However it is hoped that the experience gained by Rolls-Royce and Associates from significant
project commitment to dosimetry studies, as well as co:laborative involvement in recent international
programmes, serves as a relevant credential for the presentation of a constructive assessment of the UK
situation. Similarly suggestions for change in this situation rest upon the observation of their successful
application in a wider extemal sphere.

In considering the international emergence of " dosimetry" (or more correctly, " materials dosimetry") as
an established branch of radiation metrology and the markedly different emphasis in its development
within the United Kingdom it is more than important to consider the divergence between the UK and
other national nuclear programmes and the correspondingly different design problems posed. Before
1979 the UK programme was unique in its overwhelming investment in gas-cooled reactor systems, with
a line of development from Magnox through AGR plant. It was only in an early (but continued) interest in
the exploitation of the fast-reactor concept that an international g,oint of convergence seemed apparent.

t
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Of the world's production of nuclear power,70% comes from Light Water reactor (LWR) systems and of
this proportion 10% was installed before 1970. It is the continued safety justification of these older LWR
plants, or more particularly their pressure vessels (PV), which has produced the incentive to invest in
dosimetry program nes since the mid-seventies. It will be seen that the British system, with different
materials problems, has adopted an attemative approach to " dosimetry"

To judge from the recently published literature c1 the subject one might be f orgiven for assuming that the
"dosimetrist" was not native to the shores of Great Britain and that all radiation quantities of interest to
the materials scientist were calculated to a high degree of confidence by the reactor physicist. (1) (2)
From the perspective of the rest of the " nuclear" world, tackling the problems associated with the
performance of low-alloy steel pressure vessels, and producing in the process a wealth of published
information on materials-related dosimetry development, this may seem to be a fair judgement.
However, such a conclusion would underrate the amount of work, from the earliest days of the British
programme, which has been carried out in support of the materials problems specific to the UK systems,
in particular, in the parallel example to that quoted for low-alloy steel, significant work was carried out to
investigate the irradiation effects to be expected from the use of graphite including the production of
energy-dependent neutron damage models. (3) The translation of Materials Test Reactor (MTR) data to
operating systems by means of these models was mado possible by comprehensive radiation field
definition both in mock up assemblies and operating plant, and by making use of calculational as well as
experimental techniques.

Thus it would be a mistake to assume that UK " dosimetry" studies were not carried out in :he period
preceding the 1st ASTM Symposium on Reactor Dosimetry. To the observer, progress in the subject in
the UK has been masked by two further factors. Firstly, the investigatory work which has been done has
been carried out on a " project" basis; thus work which may be termed dosimetry has been sponsored by
specific design and operation groups within the industry (Magnox, AGR, Fast reactor) but little attempt
has yet been made to coordinate these efforts for more general outside application. In the second place,
the rather flippant earlier reference to the "dosimetrist"in the UK contains more than a grain of truth. In a
very relevant opening paper to the Second ASTM-EURATOM Conference (4), Farinelli drew a detailed
picture of the overlap between the disciplines of shielding and dosimetry, (and by implication between
the shielding physicist and the dosimetrist). Now, nearly five years after that paper was written, the
overlap may be judged to be almost complete, with the materials dosimetry problem a special case of the
shielding problem in respect of calculational methods and experimental verification. This coincidence is
perhaps less apparent in the USA but has to allintents and purposes always existed in the UK, where the
problem of defining radiation environments of interest has been the almost exclusive preserve of radiation
physics and shielding design groups. Thus as much information on the progress of UK dosimetry may be
found in the proceedings of shielding conferences as in those gatherings dedicated to " materials
dosimetry" as such. (5) (6) (7).

Having observed a number of differences which have served apparently to isolate British workers from
i

their " LWR based" colleagues abroad, it should now be noted that there has been a slow but discernible
change in emphasis in she UK within the last three to four years. In fact, it is most useful *o discuss UK
work in the area in two phases: before 1978-9, and since that date. The events which mark this artificial
but noticeable division are twofold. The first was a step-change in support and investment in dosimetry
development via intemational programmes, such as the Nuclear Regulatory Commission (NRC)
sponsorship of the US Surveillance Dosimetry Improvement Programme (US-SDlP) and European-
sponsored PV and shielding benchmark exercises. The collaborative nature of programmes such as these'

provided fresh opportunities for information exchange. The second event, in 1979, was the declared
intention of the British Government to pursue a design of PWR reactor system as an alternative to the
AGR design should it be required. With this decision British workers are increasingly coming to terms
with what have long been intemational preoccupations and of these dosimetry is a relevant example.

While seeking to give a broad explanation of the reasons for the somewhat isolated position of UK
dosimetry develupment, as an observer it is also possible to see some of the shortcomings of that
position, particularly from the vantage point of collaborative experience from international programmes.
Thus in pointing out the project-based nature of the British investigations it is also pertinent to indicate
the resulting lack of coordination, standardisation and documentation of techniques which is necessary if
new workers are to benefit from past developments. Similarly, in discussing the increased tempo of
materials irradiation programmes in British MTR's it is relevant to note that one consequence of this
overalllack of direction was the realisation that the standard of characterisation of the neutron spectrum
.n such f acilities was not always consistent with that required by current materials evaluation procedures.
Before proceeding to further discussion of these problems it will be informative to review, in broad terms,
the scope of the UK dosimetry effort before 1978-9 and more particularly to identify several interesting
lines of development since that date.



463

THE HISTORICAL BASIS OF UK DOSlMETRY

Given the basic differences in the British approach to dosimetry it should also be said that there has
always been a strong leaning towards a calculational methodology in assessing neutron field
characteristics. These techniques have been subject to careful validation, using zero-energy assemblies
(in core) and shield mockup and benchmark arrays (out of core). Th!e s in marked contrast to the more
" international" approach to dosimetry where a great reliance on direct experimental measurement can be
observed, Thus while given early consideration in the UK, the development of multiple-foil activation
techniques as embodied in the original SAND code (8), was not pursued in the UK where accurate
calculational prediction of a few relevant and experimentally-measured reaction-rates was preferred.

This general approach to field characterisation was applied consistently to the various generations of
plant design where materials data have been required. in the first Magnox design, which incorporated a
steel pressure vessel, estimates of damage fluence were made from calculations employing the
developing removal diffusion method by way of the COMPRASH code. Checks of the calculation were
made with a range of threshold foil measurements, both within the vessel and in the cavity. It was
concluded that no limiting steel damage problem existed due mainly to the size of the graphite reflector
and the consequently low vessel-wall fluxes (5). Surveillance specimens of PV steel were included in the
early Magnox plants but details of these or, indeed, associated dosimetry are not freely available. A
recent reanalysis of vessel exposure using a cavity 'long wire' activation detector, and compared with
Monte Carlo calculation, has confirmed the earlier predictions.

The change to a concrete vessel design in the later Magnox plants confirmed the performance of graphite
(as an in-core material) under irradiation to be the principal UK material problem. The introduction of the
AGR design, still with concrete vessel but with significantly increased core power-rating, served only to
increase the emphasis on its investigation. Extensive studies of the AGR system have been, and continue
to be, carried out. Once again the materials evaluator has been able to rely on a strong cabulational base
linked to measurements in low-power core mockups, shield test assemblies and direct experiment on the
operating plant. These studies have brought with them significant developments in calculational methods
including more flexible extensions of ' adjusted' diffusion theory and multi-dimensional Monte-Carlo
techniques. It is these developments which form the basis of the codes currently used in UK dosimetry
analysis. (9) (10). Investigation of the graphite damage problem produced the earliest theoretical and
semi-empirical damage models. The model now regarded as the intemational standard was due to
Thompson and Wright (11), the latter providing damage fluence estimates for the DIDO test irradiations
by way of nickel activation measurements and a spectrum analysis in which the Monte-Carlo code,
SPEC, was used.

It is with the adoption and continuing development of the Fast-reactor system that the closest points of
convergence between the UK and other international nuclear interests may be observed, as far as
dosimetry is concerned. In general, the British approach has been consistent: faced with novel materials-
effects problems in the new environment, particularly in-core, comprehensive calculational techniques
have been developed which, linked with extensive zero-power studies in the ZEBRA mockup at the
Atomic Energy Establishment, Winfrith (AEEW) are capable of producing high-confidence estimates of
relevant damage parameters. By the mid-seventies a considerable amount of work had been carried out
by Nelson and others (12) based on atomic displacement models, and these were considered adequate to
account for the observed material property changes in the structural components of the fast-reactor
core. Thus by the time of the 1st ASTM-EURATOM Symposium a British contribution to " reactor
dosimetry" was heralded by a paper on fast-reactor damage analyris by Etherington. (1) However, this
peper dM much at the time to condition a view that, in British terms at least, dosimetry was a subject
wholly amenable to treatment by calculation within the currently-defined target accuracies, provided that
the important link between method ano zero energy validation was maintained. This approach was
reiterated at the 2nd ASTM EURATOM Symposium by Sanders (2), although by this time it was more
fully accepted that such apparent confidence could be extended only to problems within the core
boundary. Beyond this point it would be necessary to have recourse to a combination of calculation and
passive dosimetry measurement, since the geometrical complexity introduced by the presence of reactor
structures made impractical the calculational prediction of damage or flux parameters to the required
accuracy. More stringent definition of target accuracies for fast reactor damage analysis, coupled with
the probable requirement for validated dosimetry within the experimental Demountable Sub-assemblies
(DMSA) of the Prototype Fast Reactor, (possibly by 'outside customers'), has led to a reappraisal of
dosimetry needs within the project. Perhaps the clearest published statement of the problem and its
resolution is contained in the paper by Butler et al (13), to the BNES Conference on ' Radiation Protection
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and the Fuel Cycle'. The paper reported extensive experimental work carried out in the PFR and made
use for the first time of spectrum-adjustment techniques by way of the SENSAK code. In discussing the
' complementary roles' of calculation and experiment in the new situation of tighter target accuracies
Butler defined a revised approach to the dosimetry problem in which the techniques employed would be
dependent on the location of interest. With the exception of 'in-core' locations it was concluded that only
by a judicious combination of calculation, measurement and adjustment of the two where necessary,
could the required assessment be made of flux and damage parameters and their associated
uncertainties.

Nine months before the conference the NRC-sponsored Surveillance Dosimetry impr:2vement
Programme had been launched; within a year of the conference the British Government had announced
its intention to pursue a PWR design as a possible alternative system for the third phase of the UK nuclear
programme.

PRESENT DIRECTIONS

From the time of the Petten Symposium there has been a growing awareness of the need for a more
formalised approach to dosimetry application within the UK nuclear industry. Despite this, the only
attempt to cooroinate resources has been the establishment of a Fast Reactor Working Group on
Dosimetry; other initiatives have theref ore continued along independent lines. In reviewing the directions
being taken by the British groups, it will be convenient to consider the work involved under five
headings:-

(i) Development of Calculational Techniques
(ii) Benchmark Validation of Techniques
(iii) The NESTOR Dosimetry improvement Programme
(iv) Radiation Sensor Development
(v) Reactor Environment Characterisation

Development of Calculational Techniques.

Maintaining that the practice of modern dosimetry involves the application of existing techniques of
calculation (and measurement) to a more tightly-defined situation rather than the development of entirely
novel solutions, British workers have been fortunate in being able to draw on the results of twenty years
of radiation physics and shielding methods expertise. Originating mainly in the Radiation Physics and
Shielding Group at the Atomic Energy Establishment, Winfrith (AEEW), the methods development has
followed a route which (again for historical reasons) is different in character f rom similar developments in
Europe and the USA. British techniques rest on a base of computer codes embodying three-dimensional
Monte-Carlo and ' adjusted' diffusion theory methods rather than the more universally adopted discrete-
ordinates. These methods have been adopted for and adapted to the needs of dosimetry application by
groups such as AEEW and Rolls-Royce and Associaties (RR&A) using experience gained in shield design
studies. The recent development of a cross-section sensitivity processor to the Monte-Carlo shielding
code MCBEND (14) has enabled the RR&A and AEEW groups to embark upon a revised technique for
the estimation of through-life PV damage accumulation, within which the high quality neutron flux
calculation will be tied to activation measurements of neutron spectrum which may be made in a pressure
vessel cavity.

RR&A have been participating since its inception in the NRC-SDlP and techniques referred to above
were used in a joint RR&A/AEEW submission to the PCA " Blind Test" exercise. (15) A similar exercise
remains to be completed for tha dosimetry / metallurgy irradiation being carried out in the Poolside Facility
(PSF) of the Oak Ridge Reactor. As mentioned above, and in addition to their work on transport
calculational techniques, McCracken of AEEW has produced a " third generation" spectrum-adjustment
code, SENSAK (16), broadly equivalent to STAY'SL (17) and LSL (18). This code has been used by
RRBA to produce an entry for the IAEA Spectrum Adjustment exercise, code named "REAL-80" (19).
Since the computer codes described can be, and have been, used in the most complex of reactor
situations, it is considered that the principal calculational tools required for dosimetry evaluation within
the UK are available and are in a well-developed state.

. ____ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ .
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Benchmark Validation of Techniques

The confidence expressed in the status of calculational methods development rests squarely on the
thoroughness with which the codes concerned have been validated against high-quality " benchmark"
measurements in directly relevant materials arrays. A series of benchmark or mock-up experiments has
been established in the ASPIS facility of the NESTOR reactor at AEE, Winfrith during the past ten years,
including most reactor materials and configurations of interest. Based on a ' clean' fission-plate source,
the facility is extremely flexible in use, and is amenable to the accurate measurement of neutron and
gamma-ray spectra. Thus the Winfrith group were able to contribute a comprehensive study on
penetration of fast neutrons in iron to a European exercise on Shielding Benchmarks. (20) Such

'

measurements have thus made possible the validation of calculational techniques now in use in British
shielding and dosimetry programmes.

In addition to the source penetration benchmark facility, ASPIS, a standard neutron field has been
established by AEEW on the NESTOR reactor. This facility, known as NESSUS, is situated in the centre
of the annular NESTOR core and its schematic arrangement is shown in Figure 1. On completion of
characterisation studies the facility will provide a high-flux, benchmark standard field which will be
available for a wide range of reference applications from methods-testing to quality control.

The NESTOR Dosimetry improvement Programme (NESDlP)

As an example of the flexibility of the NESTOR facilities, work is currently proceeding on a dosimetry
benchmark experiment (code named NESDlP) which will seek to extend the range of the Pool Critical
Assembly (PCA) measurements made at Oak Ridge. The initial phase of the programme (for which
measurements are about to begin) will comprise a replica of the PCA array. Components have been
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manufactured in accordance with the original ORNL drawings and a schematic view of the assembly is
shown in figure 2. The significant difference between the two arrays however is the replacement of the

!

PCA core by the ASPIS fission-plate. Although the plate has been designed so as to present a cross-
section identical to the relevant face of the PCA, this approach will remove from the analysis of the
experiment errors due to the representation of the ' core source'.

The objective of the programme is to extend, not duplicate the Oak Ridge work and this will be achieved
in two senses. Firstly, in producing measured data, the accent will be on the provision of high-quality
spectral information throughout the array makirig use of well-established Winfrith spectrometry
techniques. Inclusion of NE213 scintillator measurements will extend the spectral data wellinto the MeV
range. Secondly, the basic array is obviously capable of flexible extension to investigate a wide range of
problems of interest up to and including a full representation of the reactor vessel cavity. The possibility
of such extensions will be discussed on the successful completion of the first phase of the programme.

Hadiation Sensor Development

in this area significant work is being carried out not only by the established radiation metrology groups
within the industry, but also within the universities. Interpreting ' dosimetry' in its widest sense, current
projects range from the production of ' tailored' packaging for conventional activation detectors to the
measurement of total energy deposition by means of micro calorimeters. There is space only to
summarise the main lines of research and development.

In developing activation detectors for routine irradiation applications, Fudge and co-workers at the
Atomic Energy Research Establishment, Harwell, (AERE) have productsd a range of specific package
designs covering the monitoring of metallurgical specimens in MTRs to spectrum measurement in the PV
cavity. Figure 3 shows the package developed for the UK monitoring of the PSF experiment. In the
special case of the niobium threshold reaction, the analysis technique originally proposed by Tourwe at
Mol in Belgium has now been established as a routine measurement by Taylor at Winfrith. (21) The
AEEW group have also carried out closely-controlled irradiations of niobium in different reactor spectra.

Pells and Fudge, at AERE, have completed preliminary feasibility studies on a ' Damage' or 'dpa' monitor
based on single crystals of alumina, or ' Sapphire'. The monitor may also be seen in the package of Figure
3, as installed for irradiations in the PSF. Early results of exposure in a variety of environments has shown
the device to be extremely stable to effects such as temperature and high gamma-ray background. The
energy-dependence of the monitor is demonstrated in Figure 4 where the results of irradiations to date
are plotted as a function of 'dpa' in sapphire, using a theoretical displacement cross-section (22). Similar
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attempts at direct damage dosimetry using si! icon PIN diodes being carried out at the University *of
London will be reported at this conference by Mason. (23),

in the field of gamma-radiation detection, several groups are working on the application of
thermoluminescent dosimetry (TLD) techniques to the measurement of gamma-ray energy deposition in
mixed, neutron and gamma fields. An original exercise carried out by Knipe (24) to measure the gamma-
energy distribution within the ZEBRA core, has been followed by similar studies by Lewis, of the Central
Electricity Generating Board (25), using beryllium oxide phosphor to measure gamma-ray energy-
deposition in AGR graphite reflector material, and a joint project between the Royal Naval College,
Greenwich and Rolls Royce and Associates Ltd, developing a ' thin-film' dosimeter of lithium fluoride in a
polyether sultnne matrix. (26). A further, but independent approach to the measurement of total energy *

deposition has been adopted by Mason and Curl of the University of London, who have developed a
micro-calorimeter technique; this work will be the subject of a paper at the present conference (27).
Finally, in reviewing the work being carried out by British University groups, mention should be made of
the work of Durani et al, of the University of Birmingham, whose developments of solid-state track
recorder techniques include current studies aimed at producing a device capable of obtaining spectral
information in low-level neutron fields. This device is for use mainly in shield performance monitoring.
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Characterisation of Reactor Fields

A consequence of the project based nature of British dosimetry development has been the level of
resources applied to the definition of the radiation environment in the widely-used British MTRs. Thus
while those reactors or experimental assemblies (such as ZEBRA), which were of prime importance in a
project sense, were extremely well defined, it has apparently not been possible to keep the basic
dosimetry and radiation field data in the " commercial" MTRs abreast of the requirements of present-day
materials evaluation programmes. Thus in steels' irradiation studies in DIDO, PLUTO and HERALD,!

significant work has been carried out by the user groups at Rolls-Royce & Associates and AERE itself in
order to define the radiation conditions within the rigs and facilitics used. (28). In addition to these studies
work has now been started by the DIDO / PLUTO Physics Group which will extend these analyses to
include a wider range of facilities. Similar analysis of the neutron spectrum in the irradiation locations
used in HERALD are also being carried out by the RR&A/AERE/AWRE group and will be reported as
part of the British contribution to the IAEA PV Steels' Irradiation Programme later this year.

This necesr.arily brief summary of recent UK dosimetry development studies hopefully serves to
demonstrate a convergence of interest in the broader applications of the subject. This is in part due to
increased collaboration and a recognition of the parabel interests of workers in other countries, but has
also been influenced by the decision to proceed with a design study for a British PWR plant. Although in<

its early stages this project has already taken cognisance of the changes in international materials
requirements and has made some preliminary comments on the surveillance standards which would be
required of such a project design. This statement included a preliminary definition of the dosimetry and
temperature sensor specification for such a surveillance package,

i

QUO VADIMUS7

in attempting to survey with such brevity a subject of such breadth the establishment of a proper
perspective is difficult. The evidence suggests that dosimetry studies at each stage of the UK nuclear
programme have been carried out using established techniques of core and shield design and evaluation,
and that the information tended to be specific to particular projects. These techniques, referenced to
detailed measurements in core and shield mockup assemblies, placed a heavy emphasis on calculation'

and the accurate prediction of a relatively few activation measurements. This was in marked contrast to
other international groups which tended to work with multiple-foil activation and spectrum-adjustment
techniques. Only with the more stringent materials performance requirements imposed on the fast-
reactor programme has there been a need to broaden the basis of UK dosimet:y. The coincidence of this
requirement with a generalincrease of the tempo of dosimetry development programmes internationally
over the past few years, and the possibility of a "PWR-component" in the British nuclear programme,4

has resulted in a corresponding increase in collaborative activity on the part of UK "dosimetrists". The
efficient resolution of materials effects problems, within limited resources, cannot but be aided by such

;
exchange of information, and the continuation of international " benchmark" studies, providing as they;
do invaluable reference points in the application and validation of design techniques, is to be applauded.

As a worker with considerable project commitment in the dosimetry area, such convergence and
broadening of emphasis is to be welcomed. However, it is the conclusion of this study at least that this
increased interest and activity amongst British workers would be more efficiently consolidated if some

i form of coordination was to be applied across the divisions imposed by project boundaries. The
establishment of a forum for discussion would enable the experience from past, but independent,
developments to be effectively coupled with the knowledge gained from increasing international
collaboration to produce standardised and validated procedures. In this respect such a forum could deal
more rationally with the nomination of UK representatives to the various international working groups
dealing with the subject. This representation could then in itself be made more effective in terms of the
dissemination of basic information to interested parties.

It has been a main premise of this paper that dosimetry consists of the application of existing calculational
and experimental techniques to new problems with more tightly-defired standards of accuracy. The
ever increasing cost of materials evaluation programmes and the resultant trend towards the pooling of
resources and results requires high standards of execution and documentation of such experiments if
their results are to be accepted and used with confidence. In the specific case of dosimetry the adoption

!

| and validation of standard procedures is a prerequisite and it is along this path, it is suggested, that the
UK has to stride more purposefully.

!

|
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SURVEILLANCE CAPSULE PERTURBATION STUDIES IN THE

PSF 4/12 CONFIGURATION

H. Tourwe, G. Mincart

SCK/CEN, Boeretang 200, B-2400 Mol, Belgium

INTROD'JCTION

Calculational estimates and physics considerations suggest that
fluxes measured within a surveillance capsule significantly differ
from those which would have been obtained without the presence of
the capsule. Since these perturbations, created by the fact that
the capsule displaces water, are important, two dimensional neutron
spectrum calculations taking into account the geometrical des-
cription of the surveillance capsule are necessary to interpret
the neutron dosimetry measurements performed for the surveillance
programmes of the PWR plants. A validation of such calculation
techniques is requested.

To provide experimental data for comparison with analytical
predictions, a perturbation / dosimetry experiment was irradiated in
the PSF high power LWR pressure vessel mock-up facility (configu-
ration 4/12) at ORNL. Appropriate dosimetry was supplied by
SCK/CEN and HEDL to measure perturbed and unperturbed reaction
rates.

The measured unperturbed to perturbed reaction rate and
neutron flux ratios are reported in this paper. A comparison be-
tween experimental results and theoretical calculations indicates
that perturbations in surveillance capsules can be calculated with
a good accuracy.

GEOMETRICAL DESCRIPTION OF THE PERTURBATION / DOSIMETRY EXPERIMENT

The experiment mock-up design is shown in fig. 1 [1]. The sur-
veillance capsules consist of an aluminium outer container (25 4 mm
square ; 1 59 mm wall thickness). The container is filled with
22.2 mm square iron blocks.

The surveillance capsule mock-ups are positioned by means of a
rig designed by ORNL. This rig positions the thermal shield capsule
101.6 mm to the right of the centerline and touching the thermal

!
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shield. Similarly the pressure vessel surface capsule is positioned
101.6 mm to the lef t of the centerline. Each 355 6 mm long mock-up
has its cente-line located 50.8 mm below the reactor centerline and
near the position of flux symmetry.

The SCK/CEN and HEDL dosimetry capsules were inserted in a
6.4 mm central vertical hole in the surveillance capsules. Bare
detector nets and gadolinium covered detector sets were irradiated.

Also three stainless steel microtubes (0.D. : 4 5 mm; I.D. :
4.0 mm), containing free-field dosimeters, were insertM. Two
microtubes were positioned vertically to measure the unperturbed
reaction rates respectively in the TSB and PVF position. Both
microtubes contained the same type of detectors as the corresponding
surveillance capsules. The 3th microtube lies parallel to the
thermal shield, in the horizontal plans through the maximum axial
flux. This microtube ccntains Ni, Fe and Al/Co wires, all co-
axially centered within an inner steel sleeve.

IRRADIATION HISTORY

The irradiation can be considered to have a square wave profile
at a nominal power of 30 M'd. The irradiation started on January 31,
1980 (3:30 pm EST or 9:30 pm Mol time) and ended on February 9, 1980
(3:30 pm EST or 9:30 pm Mol time). The total irradiation time at a
nominal power of 30 M'd is 7 776105s.

COUNTING TECHNIQUES

Relativo countings were performed with a !bI. For the deter-
mination of the absolute activities some foils or needles of each
dosimeter type were counted with a calibrated Ge(Li) detector.
The efficiency as a function of the gamma energy was determined by
means of 152Eu reference sources. The analysis of the simple
gamma spectra was made using the SPECTRAN software developed by
CANBERRA, while the more complex gamma spectra (fission dosimeters)
were analysed using the SAMPO programme.

All 93Nbm activities were mensured with a Si(Li) detector,
241 m and 57Co reference sources. The X-raycalibrated by means of A

spectra were analysed with the SAMPO programme.

The decay scheme parameters that were considered to calculate
the absolute activities are taken from reference [2]. The fol-
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lowing fission yield values were used [3] :

95 r(0.0593), 103 u(0.0589), 137Cs(0.0650) , 140Ba( 0.0574 )2373p : Z R

95 r(0.0519), '03 u(0.0634 ), 137Cs( 0.0600) , 140Ba(0.0600).238 Z RU :

COUNTING RESULTS

The experimental results in the unperturbed and perturbed TSB.
and PVF position are summarized in the tables 1 and 2 Parabolic

22 7 + Aq y + Ao , wherein y is the distance in mm to thecurves A
reactor midplane, were fitted through the measuring points when
at least 4 measuring points were available. The SCK/CEN measure-
ments in the perturbed TSB and the perturbed PVF position were
supplementedbyHEDLmeasurementstakenfromreference[4]in
order to increase the accuracy. The quoted uncertainties in
tables 1 and 2 take only into account these types of uncertainties
that contribute to the overall uncertainty when calculating un-

tistical uncertain-
perturbed to perturbed ratios, namely the stgCoties and the uncertainties on the 56 o and 5 m burnup cor-C

rections of the Ni detectors.

The azimuthal flux distributions were measured by means of Ni
and Fe wires. Parabolic curves were fitted through the 58 o andC

54 n specific activities :M

(-0 3732 10-b 2 + 0.01065 x + 2 583) 108 Bq g-1SOCo : x

6 3q g-1Mn : (-0 5828 10 4 2 + 0.01666 x + 3 975) 1054 x

In this formula is x the wire length in mm (x = 0 corresponds with
the left-hand side of the microtube in fig. 1). The maximum azi-
muthal fast neutron flux is situated 18 mm to the right of the

ORR core azimuthal centerline. From the fitted curves the following

unperturbed fact neutron flux ratios are deduced :

ORR azimuthal core centerline (x = 125) 1.1864 (o = 0.6 %)=
PVF surveillance capsule (x = 23 4 )

ORR azimuthal core centerline (x = 125) 1.0817 (o = 0.4 %)=
TSB surveillance capsule (x = 226.6)

It was supposed to calculate these ratios that the shape of the
neutron spectrum in free-field conditions does not change in the
azimuthal direction. This hypothesis was conf.irmed by means of
theoretical calculations. Calculations showed that the fast
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TABLE 1. EXPERIMENTAL PtsVLT3 IN THE UNPERTURBED AND FERTUR81D T8B POSITION

#N U 03ap(n.f) nt(n.n') 1(a.f) pt(a.pl Te(n,y) Ti(e.p) Ce(a .8)

Ap 0.6212 1/ .0.4029 id 0 529/ 10 .0 5042 108 2

Ag 0.6230 10 .0.470S 1 8 0.6084 1c4 0 5674 10b 4

h 0
Ao 9.4c7 10' 4.490 10 6.920 16 5 971 if

a
man. (me) 66.2 58.4 57.4 56.)

ACT* ( Rg g ') 9.66) id 4.624 10 7.092 10' 6.129 10 9.282 10
* 0 6 %

0 of* (e*I) 1 582 10* " 1.4)2 10*12 2 594 10-18 7.867 10*'3 5 737 10*') 8 39) 10*'" 4 377 10' U

UNCERTAINTY (5) 1.6 03 20 1.4 0.) 0.) 0.4

5 2p 0.)281 10 0.1360 10 .o,3999 go .o.6044A

.0.4530 1d =0.1167 103 .O.7341 10 0.8940 102A g

0 6 0 4A, b*505 10 7 144 10 5 608 10 7 943 10r

MAI. (n) 69 0 .42.9 .65.6 74. 0

ACT* (Bg g*') 1.072 10 4.650 10 7 368 10 5 835 10 8.238 to7 0 0 6

2
87* (e'il 1 935 10* H 1 589 10*II 2.81) 10 12 7,9q9 go.1) 5 976 10*13 7 990 10*'" 3 884 10* U

_

UNCERTAINTT (S) 1.8 35 2.0 07 19 0.6 1.4
-

|

TABLE 2. EXPERIMENTAL hESULTS IN THE UNPERTURBED AND PERTUkBED P"T POSITION

Nb(n.n') Ni(n.p) fe(n.p) Ti(p.p)

A2 0.1485 102 0.8540 to) .O.8478 10 .0 9894 1011

0A .O.1850 10 0.108) 10 0.1116 10 .0.1209 10"g

k Ao 1 591 10 9 151 10 1.452 10 9,gyg gg6 7 6

h MAI. (mm) 62 3 63 4 65 8 61.1
e

ACT* (Bq g*1) 1.646 th 9 479 107 1.486 106 1.470 106

N 09* (a^ ) 2.439 10~ U 1.693 10-U 1.202 10*U 2.013 10*10

UNCENTAINTY (%) 0.8 07 1.4 13
-

A .O.6107 103 0.1422 10 .0.1709 102 2
2

Ag 0.7824 103 .O.1802 10 0.1953 104
7 6g Ao 8.065 10 1 282 10 1.212 10

h MAX. (mm) .64.1 63 4 57 1

ACT* (Bq g*i) 1550 id 8.304 107 1 337 10 1.267 106 6

E
od. (s'i) 2.297 10~13 1.41) 10~13 1.082 10*13 1 7)$ 10-14

t!NCERTAINTY (%) 1.0 0.8 1.4 1.0

* ACTIVITY AT THE END OF IARADIATIOM; VALUES AT A DISTANCE OF .50 se TO THE

REACTOR MILPLANE.

_ . . _ _ _ _ _ _ _ . _ _ _ _ _ . . _ _ _ . _ . _ _ _ _ .
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azimuthal neutron flux distribution, measured by means of Ni and Fe
wires that were irradiated in the presence of the TSB surveillance

capsule, is disturbed by maximum 3 % in the vicinity of the TSB
surveillance capsule. This influence is however negligible on the

fitted azimuthal curves. The largest contribution to the uncer-
tainty is the uncertainty on the positioning of the detector wires
(+ 2 mm).

' rmal neutron detectors were

f the thgCo" burnup in the Ni dgsimeters
The counting results

onlyusedtocorrectfor3gCoand 3
and to correct for disturbing fissions in the 237Np and 23 U dosi-
meters.

!

THEORETICAL CALCULATIONS OF THE DOSIMETRY / PERTURBATION EXPERIMENT

Two dimensional discrete ordinate transport DOT calcult.tions
j of the perturbation experiment were performed in a 17 group energy

structure. These calculations employed the S8-P3 approximation
and the 171-group cross section sets of VITAMIN-C, based on
ENDF/B-IV and collapsed on avernge spectra computed with ANISN for
each zone of the PCA 4/12 SSC (simulated surveillance capsule) con-
figuration. The ENDF/B-V fission spectrum was used for all these

calculations. The ORR core configuration was replaced by the PCA
(low power LWR pressure vessel mock-up facility) core configura-
tiondescribedinreference(5]. The surveillance capsules were

represented by means of 5 meshes in both directions : 1 mesh re-
presenting the 6.4 mm central hole, 2 meshes representing the iron
material on both sides of the central hole and 2 meshes to repre-
sent the aluminium capsule container. The ORR azimuthal centerline
was considered as an axis of symmetry. Three calculations runs
were performed : one without the curveillance capsules, one in-
cluding the TSB surveillance capsule and one including the PVF
surveillance capsule. The calculated unperturbed and perturbed
neutron spectra above 0.1 kev in the TSB and the PVF position are
shown in fig. 2; they are all scaled on a same fission neutron
source strength in the core. The perturbation effect ia parti-
cularly pronounced in the neutron energy region between 100 kev
and 3 HeV.

The ENDF/B-V cross section data' were condensed into the 17
group energy structure using local ANISN spectra of the PSF 4/12
SSC configuration as weighting functions in order to calculate
reaction rates and spectrum averaged cross sections. The choice -

,

of the ANISN weighting spectra is not very critical : e.g. the

*Hegedus cross section data for 93Nb(n,n') + biasfactor of 137 [6].

.- -_ --- _ .__ _ _ - , . - -- . -
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; perturbed PVF reaction rates were calculated with both a ANISN SSO
'

spectrum and a ANISN 1/4 T spectrum. The differences in calculated

reactionratgsweresmallerthan05%foralltypesofrenetions,4except for Ti(n,p) and 63Cu(n,a) where differencen of respectively
1 % and 3 % were observed.

'

COMPARISON BET'4EEN EXPERIMENT AND THEORETICAL CALCULATIONS

Based on the measured reaction rates and on the measured azi-
muthal flux distribution and with the aid of spectrum averaged
cross sections calculated according the principles shown in the.

previous section, fluxes > 1 MeV were derived in the perturbed and

'
unperturbed TSB and PVF position. The results are shown in fig. 3,

The neutron flux values of the 237Np(n,f), 238 (n f), 58Hi(n,p),U
54 and 46Ti(n.p) detectors agree within 5 %. The spectrum

Fe(n.p)63Cu(n,n) cross sections are somewhat overestimated inaveraEed
the TSB position, while the npectrum overnged 93Nb(n.n') cross
sections are comewhat underestimated in the PVF position.

The measured unperturbed to perturbed reaction rates and flux
ration are compared with calculated values in table 3 The agree-
ment between experiment and calculation is excellent, better than
5 % for all ratios except 93Nb(n,n'). The somewhat different be-
haviour of the calculated 93Nb(n,n') data can only be explained by

PERTURSED iSB PERTURBED PVF
,, ,,

_

'"Np Nb* *
.

,,O Ni fe.

. .

,

Ti'
. ,

Ni Fe.

7.0 10'' -
Nb Cu 1010'' -

UNPERTURBED TSB UNPERTURSED PVF
6.5 10''- 1.0 10'8 -

'"U ",I Ti
Nb * .

"
-

.
-

~4 r
i ..

.

Cu Te
*

5.5 10''- 0.8 10''-

Fig. 3 5(> 1 MeV) in n a-i -2ca at the TSB and PVF position.

. ._ _
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TABLE 3 UNPERTURBED To PERTURBED RATIOS IN THE TSB AND THE PVF POSITION

TSB POSITION PVF POSITION

!o(%)H o (%) C C/M M C C/M
;

-

237 ,

tip(n , r ) 0.756f2.4 0 781 1. 03 o.83 0
*

0

93
0.895f1.4Nb(n.n') 0.833 35 0 786 0 94 0.821 0 92

238 (n r) 0.852 29 0.853 1.00 0.879U o

58
Ht(n,p) 0 919 1.6 0 919 1.00 0 962| 1.2 0.931 0 97 |

0 936 f 21
0 Fe(n,p) 0.887!2.0 0 928 0.05 0 937 1.00

. 46 ;
!

| Ti(n,p) 0 971' O.8 0 975 1.00 0 978' 17 0 976 1.00
0

63Cu(n.a) 1. 04 2 15 0 990 0 95 f 0 990
!

i9 (> 1 HeV) 0.800{ 5 7 0 798 1.00 0.851; 76 0.824 0 97

0.803 | 7.69 (> 98 kev) 0756|57 0 753 .00 0 779 0 97
*

a non adequate shape of the employed 93Nb(n.n') cross section data.
The perturbation effect becomes more important with decreasing ef-
fective energy threshold, the experimental 54Fe(n,p) values and the
theoretical PVF 93Nb(n,n') value being the only exceptions. The
fact that the perturbation effect increases with decreasing thres-
hold energy is in agreement with the tendency shown on fig. 2.
The fast neutron flux perturbation is more important in the TSB
position than in the PVF positicn. .

The damage ratios, calculated by means of the ASTM E 693-79
data, are 0.848 and 0 939 respectively for the TSB and the PVF
ponition. Niobium is apparently a good damage monitor since both
damage ratios and both measured 93Nb(n.n') ratios agree within
5%.

CONCLUSIONS

Accurate experimental data of the perturbation / dosimetry
experiment in the PSF high power LWR pressure vessel mock-up fa-
cility were provided for the validation of reactor codes, which
are used to calculate the neutron spectrum and the neutron flux
perturbations created by LWR surveillance capsules.

.. .

_ _ _ _ _ _ _ _ _
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Two dimensional calculations performed by SCK/CEN demonstrated
that neutron spectrum and neutron flux perturbations can be calcu-
Inted with an accuracy better than 5 % .
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CALCULATION OF THE FAST NEUTRON FLUX AND DAMAGE
IN THE PRESSURE VESSEL OF THE BR3 REACTOR

G. Minsart, H. Tourwe, J. Debrue
SCK/CEN, Boeretang 200, B-2400 Hol, Belgium

INTRODUCTION

Due to the high fluence accumulated in the pressure vessel of
the BR3 reactor, it is necessary to determine it with the best
accuracy. Dosimetry capsules were irradiated in the reflector
during the cycles 4 A and 4 B and very detailed calculations were
performed in order to relate these measurements with the core
power distribution and to yield fast fluxes and spectra for various
positions, at the surface and through the pressure vessel.

One-dimensional and two-dimensional problems were run with
ANISN and DOT 3 5 respectively, using the DLC/41B VITAMIN-C data
set based on ENDF/BIV, and the ENDF/BV fission spectrum. In
order to avoid the repetition of costly 2-Dim. runs for flux inte-

jgration over the whole BR3 history, a perturbation-like method
I was applied to a " reference calculation" performed for 1/6th of

the cycle 4 B core loading.
1'

|
'

.

PROCEDURE OF CALCULATION

The procedure adopted for this study is the same as for the
1 analysis of the PCA experiments (Blind test, PCA 4/12 SSC, PSF 4/12

with perturbation experiment).

-UsingtheANISNcode[1],aone-dimensionalfixedsourcecalcula-
tion is performed in S8, P3 approximation with the 171-group
VITAMIN-Ccross-sectionlibrary[2]andtheENDF/BVfission

' spectrum. The
systemMARE[3]processingofthelibraryismadebythecode: the modules AIM, AJAX, BONAMI and NITAWL were

,

used to produce effective microscopic cross-sections; macroscopic |

cross-section in group-independent format were then obtained with
the programme AXMIX, part of the AMPX-II code system [4] .

- The average spectra produced by the ANISN run for each region or
subregion are used for collapsing the macroscopic cross-sections
into a 17-group set, whose energy structure is given in table 1.

481
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Table 1. 17-group energy. structure

8" "
Broad VITAMIN-C* Ener87 Er uP8 8Pectrumgroup groups (ENDF/B-1)

1 1- 13 17 333 - 10 513 MeV 1 3035 E-03

6 59 MeV 1.6404 E-022 14 - 22 10 513 -

l 3 23 - 31 6 59 - 4.066 MeV '9 0302 E-02.

4 32 - 39 4.066 - 2.466 MeV 1 9911 E-01

5 40 - 47 2.466 - 1 92 MeV 1.1879 E-01

6 48 - 59 1 92 - 1.00 MeV 2 7271 E-01

7 60 - 65 1.00 MeV - 742 7 kev 8.9850 E-02

8 66 - 75 742 7 407 6 kev 1.1429 E-01

9 76 - 89 407 6 - 207 4 kev 6.0861 E-02

10 90 - 102 207 4 - 98. 0'+ Kev 2.4052 E-02

11 103 - 124 98.04 9 12 kev 1.2609 E-02-

0 96 kev 3 6790 E-0412 125 - 138 9 12 -

13 139 - 147 0.96 kev - 101 3 eV 1.2627 E-04

14 148 - 156 101 3 10.68 eV 4 3220 E-07-

15 157 - 163 10.68 1.855 eV 1.4205.E-08-

16 164 - 168 1.855 - 0 5316 eV 9 3924 E-10

17 169 - 171 0 5316 - 0.001- eV 1.6305 E-10

*DLC-41B

!

1

i

' . -.
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- After addition of the DB2 terms, this 17-group set is introduced
as input for a fixed source two-dimensional R-0 calculation (code
DOT 3 5 [5]), also with the discretisation levels S8, P3, in order
to obtain a detailed flux map across the system.

The ENDF/BV dosimetry file is the basic set selected for com-
puting average cross-sections used in the determination of the ex-
perimental flux values. It has been collapsed into the 171-group
structure, using the DETAN 74 code [6] and a Watt spectrum analy-
tical model (E = 2 MeV). For its use with the DOT fluxes, an
additional, space-dependent, collarsing has been performed with the
local ANISN spectra in order to include fine group structure infor-,

mation into the computed results.

GEOMETRICAL MODELS

The geometry of the BR3 reactor installation is illustrated on
fig. 1, where only 1/6th of the horizontal cut is represented. For
the basic calculations, it has been assumed that the core configu-
ration has this order of symmetry.

The one-dimensional model is cylindrical, and the core is
repreuented by five rings, each corresponding to one row of assem-
blies (7 assemblies for the central one); the 2nd and 4th rows are
made up by mixing fuel assemblies and moderator cells. In this
operatice, volumes are preserved and the outer core boundary is at
an avercge radius equal to 43 4 cm rather close to the center of
the corner assembly in the outer row.

The two-dimensional model, designed in R0 geometry, has been
refined in order to represent, as well as possible, the assembly
boundarica, particularly the core outer border. The sixty 1* angles
and the variable mesh spacing along the R axis are shown on fig. 2,
where the exact shapes of the fuel assemblies have also been indi-
cated for the two outer rows. Outside the core, meshes about 1 cm
thick were adopted up to the outer surface of the pressure vessel;
the system modelling extents up to a radius of 158 cm, far inside
the water tank surrounding the vessel thermal insulation.

!

'

FISSION NEUTRON SOURCE DISTRIBUTIONS

The BR3 reactor is mainly operated for testing fuel assemblies
and fuel pins of different designs e.g. mixed oxide fuels, gadoli-
nium bearing fuels; its core loading is thus rather intricated and

!
l
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the detailed models adopted for computing power distributions and
burnups are more detailed than those generally used for the analysis
of current power plants. The power distribution is calculated in
each pin over the whole core at selected operation times. For the
reference calculation of the complete neutron flux map around the
core, leading to the determination of the flux spectrum in the
vessel and at the dosimeter locations, the power density per fuel
pin was only considered in the two outer rings of fuel assemblies.
In the central zone, the consideration of the average power in each
assembly appeared to be adequate.

The power densities (averaged over the he491t of the core) were
translated into fission neutron sources, taking into account the
number of neutrons emitted per fission in the uranium and plutonium
isotopes, as well as the corresponding energy amounts deposited in
the fuel pins; the resulting conversion coefficient has been re-
lated to the burnup for its application to the different mixed oxide
fuel compositions and the upper value corresponding to 239pu has
been used for pu enriched natural uranium pins.

The reference calculation modelled 1/6th of the BR3/4 B core
loading, facing locations where measurements were performed (HF 4,
thermocouple guide, ...). The neutron source distribution, ob-
tained as indicated hereabove, has been shared amongst the many
meshes representing the fuel zones (see fig. 2), uniformly on
each assembly in the inner core part, and pinwise in the two outer
rows. For the one-dimensional run aimed at preparing the 17-group
cross-sections sets, the fission neutron source intensity averaged
over the assembly rows was given as input.

REFERENCE CALCULATION

The fixed-source DOT R0 problem where the most detailed avai-
lable information was given in the input (including space-dependent
vertical buckling terms), provided a complete multigroup flux map
on which several postprocessing analyses were applied. Fluxes
above 1 MeV and above 98 key were computed at many, locations :
measurement positions, radial traverses, azimuthal traverses at
a radius corresponding to 1/4 T (1/4th of the pressure vessel
thickness). Spectra were also examined for several meshes, and
the analysis extended up to the outer water tank.

Some of the results are illustrated on figs 3 to 5 On
fig. 3 for example, it can be seen that the radial traverse of
5 > 1 HeV yielded by the 1-Dim. 171 gr. ANISN calculations has a
shape very similar to those given by the DOT run; the absolute
level is different according to the considered DOT angle, due to



- _ - - _ .

1 485

the different distances between the core border and the surrounding
structures (thermal shield, vessel ...). .All results are given for
the horizontal reactor midplane. The axial shape factor (1.27) was
obtained from several measurements with threshold detectors at two
different radii in the radial reflector.

.

Fig. 4 shows that the azimuthal fast flux distribution at 1/4 T
. is very smooth, with respect to large power plants. The peak-to-
i minimum ratio is around 1.185 The iron damage response plotted on

fig. 5 was computed with the ANISN flux map, in order to keep the
maximumofspectralinformation,andtheASTMdamagefunction[7].

4 Knowing the absolute fission source strenghts (scaled to the
reactor power), all the computed results (fluxes, reaction rates),

' are easily normalized to yield absolute values, and the load dia-
gram of the reactor operation enables to calculate fluences.

.

. APPLICATION OF THE REFERENCE CALCULATION TO DIFFERENT CORE LOADINGS
2

In order to avoid the costly and lengthy repetition of the
2-Dim. R9 DOT study for other parts of the core 4 B and for other
core loadings, a perturbation-like procedure was developed. The
goal was to obtain absolute fast fluence values at the 1/4 thick-

j ness of the preseure vessel for all the BR3 core loadings, par-
'

ticularly at the location of the longitudinal weld, which is the
most sensitive to neutron damage.-

It must first be pointed out that modifications of fuel re-
loading strategy, more specifically change of burnup at BOL in the
outer fuel assemblies, have a small impact on the azimuthal neu-
tron flux distribution in the vessel. A perturbation calculation
is therefore acceptable. Moreover, a modification of the fuel
composition due to burnup or different enrichments does not affect,

significantly the transport of fast neutrons in the fuel assemblies.
* Starting from a detailed calculation for a particular core (or

1/6th core), it is thus sufficient to introduce the variation of
l the neutron source in each fuel assembly to calculate fast flux
: values in the vessel for other cores.
1

The flux at any location in the vessel is the superposition
i of the contribution of each fuel assembly. Several DOT problems

were run with a unique composition and fixed fission scurces uni-
. formly distributed in one fuel assembly at a time. Owing to the
I symmetry, four cases are sufficient to cover the two outer rows

(7 assemblies in 1/6th of the core). The contribution of these
7 assemblies to the fast flux at 1/4 T represents 80 to 85 % of the

}

-- . _ - . . . . . .- -
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total response; the 5 assemblies of the outer row yield 60 to 65 %
of the total response. It was thus assumed that it is sufficient
to account for the variations of the fission source in the two
outer rows for providing reasonably accurate results for the other
core loadings : even if a 10 % change of the fission source inte-
grated over the central core zone had to be considered, it would
affect the flux at 1/4 T by not more than 15 %.

Having checked this point, the procedure was applied in a dif-
ferent way, which tends to minimize the errors and the influence of
the modelling by a flat source in each assembly : the reference
calculation results were used to provide the basic term, and this
one was modulated by addition of the contributions coming from
each assembly weighted by the difference of fission sources between
the considered configuration and the reference case. This opera-
tion has been made for each azimuthal position at 1/4 T and for
each BR3 core loading.

According to the calculations, the flux above 1 MeV at the
1/4 T in the weld, averaged over the duration of a cycle, does not

vary by more than j; 5 % from one cycle to the other.

COMPARISON OF CALCULATION WITH EXPERIMENTAL RESULTS

Three sources of information are available to confirm the
validity of the calculations.

Numerous post-irradiation examinations of individual fuel
pins indicate that the discrepancy between measured and calculated
pin power densities practically never exceeds 10 %. The uncer-
tainty on the power per assembly is estimated at f; 5 %.

Dosimetry measurements were performed during cycles 4 A and
4 B in positions HF and TC-A (fig. 1). In position HF, reaction
rates obtained with different threshold reactions provide a check

~

of the DOT neutron spectrum calculated at this location when using
the ENDF/BV dosimetry file for the detector cross-sections (except
for niobium), as shown in table 2.

3
; If one excepts Np(n,f), all data are in good agreement to

l define the flux above 1 MeV : this confirms the calculated spectral

shape.

!
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Table 2. Test of validity of the neutron spectrum
at the periphery of the core (HF position)

Dn/cm2s MReaction o g g,y(m 4 3 g,y (10

9 Nb(n,n') 221 3(b) 1.00

237Np(n,f) 2107 1.10
58Ni(n p) 156 5 0 99

Ti(n,x) 17 95 1.01
54Fe(n.p 121 1 1.01

Average : 1.02 x 10 31

* Calculated reaction rate / calculated flux > 1 MeV.
(b) Calculated from Hegedus cross-section [8] multiplied

by 137; this bias factor was deduced from several
comparisons of niobium with other threshold monitors
in BR2 and BR3

(c) Experimental reaction rate divided by o q g,y.

Table 3 Comparison of measured and calculated flux values
at two locations in the radial reflector

Flux > 1 MeV (n/cm2 )3
Cycle Position * *

****Measured Calculated

4A HF 1.01 x 1013 131.09 x 10 1.08
4B HF 1 01 x 1013 1.15 x 1013 1.14
4A A 1.45 x 1012 122.24 x 10 1 54

12 124B A 1 70 x 10 2.44 x 10 3,44

.

]
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In table 3, absolute flux values deduced from 54Fe(n.p) measurements
are compared with calculations.
The calculations agree with the measurements at position HF if one '

takes into account the uncertainty on the input data (power distri-
bution and neutron sources). At a greater distance in the reflector
(position A is roughly at 12 cm from the core boundary), a signi-
ficant discrepancy of about 50 % exists.

A third source of information, extremely important as to the
validation of the procedure using ANISN/ DOT and the VITAMIN-C
library as applied to BR3, is the analysis of the PCA experiments
[9]. The calculation of the configurations 8/7 and 12/13 indicates
that no systematical deviation appears between calculations and
measurements over the distance separating the core periphery and

the 1/4 thickness of the vessel (~ 27.cm in configuration 8/7 and
~ 37 cm in configuration 12/13). The discrepancy of 50 % at posi-
tion A in BR3 is therefore considered as an anomaly which will
require further investigation : it is planned to remove the core
basketatnextBR3shutdowninordertotakeoffggeelsamplesat
different azimuthal positions and to measure the Fe(n p) activa-

tion rate in these samples.

The importance of neutron dosimetry and calculations must be
stressed in the present situation of BR3 The maximum allowable
fluence in the longitudinal weld being determined on the basis of
the irradiation embrittlement of the weld material, the knowledge
of the actual fluence determines whether the operation of the
reactor can be pursued with or without undertaking major actions
such as complete inspection of the weld or annealing.

As explained briefly in this paper, the determination of the
fluence in the weld relies mainly upon calculations supported by
experimental validation. A global uncertainty of 25 % is estimated

j by combining individual sources of discrepancies; a margin of 25 %
is therefore added to the nominal value for operational evaluationsi

(pressure-temperature diagram of the primary circuit). It is not
,

expected to reduce significantly this margin. However if dosi-
metry results (for instance, examination of the core basket) de-
monstrated the existence of a systematic bias in the calculation
and confirmed the trend observed in table 3, a relatively small
adjustment could modify significantly operational decisions and
the schedule of the fuel irradiation programme (10 % readjustment
corresponds to about 8000 hour operation e.g. one operation cycle).

|
1

(
l

|
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NEUTRON FLUX DENSITY CALCULATIONS

FOR THE BR3 REACTOR

,

R. M. Rubin
Radiation Research Associates, Inc.

Fort Worth, Texas, U. S. A.

ABSTRACT

As part of an extensive experimental and analytical pro-
gram sponsored by the Electric Power Research Institute on
LWR pressure vessel irradiation surveillance dosimetry,
extensive discrete ordinates calculations have been performed
in one and two dimensions to determine the neutron flux den-
sity distribution in the core midplane of the BR3 reactor
system. Beginning of life calculations were performed for
the BR3 Core 4A and Core 4B in one dimension. Both beginning
of life and end of life calculations were performed for Core
4B in two dimensions. The one dimensional calculations used
the computer code XSDRNPM; the two dimensional calculations
used DOT 3.5. The calculations were for P3 and Sg. The
neutron flux density calculations are in reasonable agree-
ment with available data from CEN/SCK.

We find the maximum flux greater than 1 MeV at the
1/4T position in the pressure vessel to be 1.258 x 1011
n/cm2 sec.

INTRODUCTION

Light water reactor pressure vessels change mechanical character-
istics under long term bombardment by neutrons. Estimation of the change
is important in estimating the safe operating life of the reactor. Under
current operating conditions, the neutron fluence is monitored at a sur-
veillance position outside the pressure vessel. The recommended practice
for extrapolating to the pressure vessel combines the measured fluence
at the surveillance position with analytical calculations of the fluence
in the pressure vessel. The Electric Power Research Institute is co-
operating with laboratories in this country and abroad to improve radiation
damage dosimetry and calculational methodology. EPRI has sponsored compu-
tational and experimental programs for this purpose. As part of the EPRI
program, Radiation Research Associates has cooperated with the Centre
d Etude de L'Energie Nucleaire (CEN/SCK) in Mol, Belgium to determine the
flux density in the Belgian reactor system, BR3. RRA has performed neutron
flux density calculations for comparison with calculations and experiments
performed by CEN/SCK. This paper describes the calculations.
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DESCRIPTION OF BR3 REACTOR SYSTEM

BR3 is a 40 MW (th) pressurized water reactor operated by CEN/SCK
in Mol, Belgium. The reactor has been in operation for over 20 years.

Figure 1 shows a' plan view of the BR3 reactor system.1 The
reactor core is hexagonal shaped with hexagonal fuel assemblies. The
assemblies labeled with letters or numbers are water filled moderator
tubes. Several cylindrical regions surround the core. They are in
order: water, core basket, water, thermal shield, water, pressure
vessel, a fiberglass-air region and a neutron shield tank.

Figure 2 shows a plan view of the reactor core.1 The shaded
region is the section of core for which data is provided. Elements 63,
65, 80, and 82 are water filled moderator tubes. Material data are
given for individual fuel assemblies in zone A. Materials in zone B

are homogenized.

CALCULATIONAL RESULTS

RRA performed both one and two dimensional discrete ordinates
calculations of the flux density in the BR3 system. The calculations
were for P3 and S8 in both cases.

Figure 3 illustrates the power distribution in the BR3 reactor
The power distribution was provided to EPRI and RRA by CEN/SCK.2core.

The data is given as neutrons per sec per unit length. Data was pro-
vided for beginning of life for Core 4A and beginning and end of life
for Core 4B. Pin by pin data is given for zone A, and assembly average
data is given in zone B. The calculations required 1) development of
a cross-section set suitable for the problem at hand and 2) performance
of one and two dimensional discrete ordinates calculations of the flux
density outside the reactor core.

I One Dimensional Calculations

Figure 4 illustrates the zones used in the one dimensional calcu-
lations. Materials were homogenized within zones maintaining volume
fractions of each element in a zone. The power distribution was averaged
over the zone.

| Figure 5 shows the scheme used to prepare the cross sections. We
I used the 171 group neutron cross sections from the DLC 41 library. The

AMPX3 modules AIM, AJAX, BONAMI, and NITAWL were used for BCD to binary
conversion, selection of nuclides, resonance self shielding using the

1

-

4-
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Bondarenko method and putting data into AMPX working format, respectively.
The XSDRNPM3 computer code was used for the one dimensional discrete ordi-
nates calculations and to collapse the 171 group library to 25 groups for
subsequent two dimensional calculations with DOT 3.5.4 The cross sections
were collapsed using zone weighting.

Flux Greater Than 1 MeV and Flux Greater Than 0.098 MeV

Figure 6 illustrates the one dimensional results for flux greater
than 0.098 MeV and flux greater than 1.0 MeV. We also show results
provided to RRA by CEN/SCK. The RRA results are approximately 15 to 20
percent higher than those of CEN/SCK. The difference is due at least in
part to differing modeling techniques. The RRA one dimensional model
extends further into the water than does the CEN model. However, addi-
tional study is required to determine the full reasons for the differences.

Energy Spectra Exterior to the Reactor Core

Figure 7 illustrates one dimensional results for the energy
spectrum in the water outside the core and at the 1/4 T position in
the pressure vessel. In the energy range .1 to 1.2 McV, we see the
change in the spectrum caused by absorption of neutrons in the pressure
vessel.

Figure 8 shows the one dimensional spectra continued up to 11. MeV.
Here we see spectral changes again in the range 1 to about 3 MeV. Above
3 MeV, we find principally a magnitude change in the spectrum in going
from the water to the 1/4 T position.

Two Dimensional Calculations

Flux Greater Than 1 MeV and Flux Greater Than 0.098 MeV

Two dimansional results for flux greater than 0.098 MeV and flux
greater than 1.0 MeV for core 4B are shown in Figure 9 for 0-0. (0 is
measured from a line going through core center and center of fuel
assembly 86.) Both beginning and end of life data are given. The be-
ginning of life results are parallel to and 6 percent higher than the
end of life results for both cases.

Figure 10 shows the ratio of the flux greater than 0.1 MeV to the
flux greater than 1.0 MeV. The ratio varies from about 2 near the core
to about 5 in the pressure vessel.

Effect of Geometry

Figure 11 shows the effect of geometry on the flux greater than
1.0 MeV. Data for 0=30 degrees corresponds to radial variations along
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a radius passing through the middle of reactor side. The edge of the
core is farther from the remainder of the system, and resulta near the
core are lower for 30 degrees as expected. As we move from near the
core to the pressure vessel, the effects of geometry are not as strong. <

Once in the thermal shield, the results for 0=0 and 0=30 degrees are
parallel.

COMPARISON WITH EXPERIMENT

Table 1 gives a comparison of RRA calculated ratios of flux greater
than .1 to flux greater than 1 MeV with data provided by CEN/SCK for
selected positions. The results are in reasonable agreement.

Table 2 gives a comparison of results for flux gr' eater than 1 MeV
calculated by RRA, recent calculations by CEN/SCK , and recent experi-5

mental measurements at CEN/SCK. We find the calculational results in
good agreement at positions A and HF. Calculations also agree reasonably
well with experiment at position HF. However, calculations and experi-
ment do not agree at position A. Further study is required to determine
the reasons for disagreement.

_

&
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TABLE 1 RATIO OF FLUX GREATER THAN .1MEV TO FLUX GREATER
THAN 1 MEV AT SELECTED POSITIONS IN Th3 BR3
REACTOR SYSTEM AS COMPUTED BY RRA AND C3N/SCK

POSITION RRA CEN/SCK**

1. Surveillance Position * 1.8 1.9

2. Dosimetry Position in 1.8 1.8

Reflector

3. PVF (in water)* 2.7 2.9

4. PVF - (in steel) * 2.9 3.1

5.- PV - 1/4T 3.7 3.6

*RRA values are chosen at positions believed to be those used
by CEN/SCK. Exact CEN locations are not known at this writ-
ing.

** Data from CEN/SCK is calculated for Core 4A.

_
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TABLE 2 VALUES OF FLUX GREATER THAN 1 MeV AT THE
LOCATIONS OF BR3 EXPERIMEllTS- (CORE 4B)

Calculated
Position Measured RRA CEN/SCK+

Location R (cm) 0 (deg) (n/cm#sec) (n/cm# sec) -

HF 45.0 30 1.0l+13 9.254+12 1.15+13
,

A 55.0 20 1.70+12 2.170+12 2.24+12
Outside 61.1 0 NA* 1.176+12 NA
Core Barrel

Outside 61.1 30 NA 1.007+12 NA
Core Barrel

*NA = not available at this date

+ Reference 5
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BROWN'S FERRY AND ARKANSAS NUCLEAR ONE
PRESSURE VESSEL NEUTRON PLUENCE BENCHMARKS

|
,

I Robert A. Shaw
Electric Power Research Institute

Palo Alto, California, USA

ABSTRACT

A brief overview of the EPRI program on reactor vessel
pressurized thermal shock is given, including thermal
hydraulics testing and analysis, integrity assessment
analysis, plant analysis and technology transfer,
remedial action evaluation, and neutron dosimetry.
The particular efforts in the latter, the neutron
dosimetry prrgram, are emphasized. This program
includes experimental and analytical work associated
with the neutron fluence for the reactor vessels at
Brown's Ferry-3 and at Arkansas Nuclear One-1 and -2.

INTRODUCTION

The nature of this paper has changed since the abstract was sub-
mitted. The title is not descriptive of the entire paper.

The broad scope of the EPRI program on reactor vessel pressurized
thermal shock will be described. Following this, the particular emphtsis,

on neutron dosimetry and fluence calculations at and near the pressure
vessel boundary will be characterized. Other papers being presented
at this meeting will discuss in more detail the particular issues and
results of the EPRI-supported dosimetry work.1-4

EPRI REACTOR VESSEL PRESSURIZED THERMAL SHOCK PROGRAM

EPRI has been supporting research on reactor vessel integrity for
the past several years. This work has focused on materials and dosimetry.
However, in June of 1981, thermal hydraulics research was expanded and
accelerated. In addition, EPRI has initiated cooperative programs for
utilities to evaluate reactor vessel pressurized thermal shock for
specific plants. This effort is particularly aimed at assisting in
the application and transfer of technology to the utilities and to the
PWR vendors.O

I
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The five principal elements of the EPRI coordinated program are

thermal hydraulics testing and analysise
integrity assessment and analysise
plant analysis and technology transfere

e remedial action evaluation
e neutron dosimetry

Each of these will be discussed briefly in the following paragraphs
with neutron dosimetry being emphasized in the remainder of the paper.

In the area of thermal hydraulics testing and analysis, EPRI has
completed scoping tests of fluid and thermal mixing using one-fifth
scale transparent models of cold legs and downcomers representative of
current PWRs. The analysis effort includes modeling of the turbulent
flow mixing and heat transfer and fluid stratification. The results to
date indicated substantial mixing of the loop flow with high pressure
injection water by the time the mixture reaches the downcomer which
potentially limits the extent of thermal shock. Tests at higher pressure
and in a larger scale facility are planned for this year. These will
help to validate the methods being used to predict the transient tem-
peratures at the pressure vessel wall.

The efforts in integrity analysis are divided into four topics:

(1) the prediction of radiation damage
(2) the measurement of fracture toughness of

irradiated materials
(3) the measurement of crack arrest conditions

for irradiated materials
(4) methods of annealing embrittled reactor vessels

The objective of these is to integrate the results from EPRI efforts
and from other organizations into a state-of-the-art procedure to estimate
safe and reliable vessel lifetimes.

The area of plant analysis and technology transfer emphasizes the
application of R&D technology to particular plants. Particular parameters

such as the thermal shock transient scenario, the fluid and thermal mixing,
composition of critical welds, the stress intensity calculations, and the
fracture toughness profiles for the various materials present will be
incorporated. The results for the selected thermal transient would be
an estimate of (a) the operational time available before crack initation
is expected; and (b) the operational time available before initiation and
arrest of such cracks is expected.

The remedial action evaluation has particularly dealt with the
evaluation of the following possible remedial actions: modified
operational strategies; raising the safety injection water temperature;
neutron flux reduction; and reactor vessel annealing. The thermal an-
nealing research results have included the following: (a) complete
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material properties recovery is anticipated for an annealing tem-
perature of 8500F for one weeks (b) reimbrittlement rates are less
than for the original annealment rates; (c) recovery of the fracture
toughness transition can be monitored with tensile or hardness
measurements; (d) the practicality of vessel annealing and continuing
licensability of an annealed vessel remains to be established.

EPRI DOSIMETRY PROGRAM

It is necessary to characterize the neutron flux and energy
spectrum for the purpose of assessing radiation induced embrittlement
in nuclear power plant pressure vessels. Primary reliance is placed
on a combination of analytical calculations and a series of experimental
foil measurements. The comparison of the analytical calculations and
the foil activities is used to gain better measurement of the total

neutron fluence that has been absorbed by the reactor pressure vessel.
These fluences are in turn used to predict material toughness, which
is particularly sensitive to material composition, such as copper in
weld materials.

An analytical program is underway at Oak Ridge National Laboratory
under EPRI sponsorship to develop and use an advanced methcdology for
reducing the uncertainties in the estimate of the spectrum and the
total fluence determined from dosimetry measurements.5 The approach
is to combine differential cross section and dosimetry data, both
measured and calculated in a consistent fashion using information from
various benchmark fields of increasing complexity, eventually including
fields of operating power reactors. In addition to obtaining improved
estimates of the fluence and the spectrum, the methodology can be used
to determine the uncertainties associated with these quantities.

In the experimental portion of this program, foils have been
| exposed in operating power reactors. In-vessel foil experiments have

been carried out by General Electric and ex-vessel measurements under

an EPRI project at Tennessee Valley Authority's Brown's Ferry-3.1,6
PWR experiments have been carried out at Arkansas Power and Light's
Nuclear One-1 by the University of Arkansas.2 These measurements could
be conducted only ex-vessel. A set of measurements at ANO-2 is

| presently being planned. This work would include in-vessel as well
i as ex-vessel foil measurements. Supporting neutron transport cal-

culations are being conducted at the University of Missouri, Rolla
! for ANO-l and -2.3 In addition, analytical measurements have been
| performed to calculate the neutron fluence in the BR-3 reactor located

in Belgium for direct comparison with the analytical and experimental
results.4

A number of recommendations and observations have resulted from
the EPRI Dosimetry program:

1
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(1) The primary role of dosimetry measurements conducted
through foil activation is to verify the calculational
techniques at operating power reactors. This assesses
the ability to predict the total fluence that various
regions of a particular pressure vessel have received
by calculations using neutron transport codes.

(2) The best basis for comparison of the neutron transport
calculational results and the experimental foil
activities is a direct comparison of the foil activities.

It is preferred that the neutron transport calculations
be carried to the point where foil activities are
predicted, rather than for foil activities to be used
to develop an unfolded neutron spectrum.

(3) The susceptibility to pressure vessel thermal shock
must be conducted for each individual nuclear power

plant. This is true for neutron fluence determinations
as well as the other characteristics such as pressure
vessel embrittlement, thermal mixing, and the stresses

associated with the thermal shock.

(4) The uncertainty associated with the materials properties
and the determination of thermal stresses is sig-

nificantly greater than the uncertainties associated
with dosimetry. The scatter associated with the
fracture toughness in the unirradiated as well as
the irradiated case, is quite substantial. On the
other hand, the uncertainty associated with foil
determinations cf total neutron fluence on the pressure

vessels, appears to be less than 50%, and many
observers suggest it is less than 30s for specific
analysis of a particular reactor vessel.

(5) It is hard to perceive how advances in dosimetry research
will benefit the operators of nuclear power plants as
they strive to relieve themselves of the concerns of
pressure vessel embrittlement. The development of
new foil techniques for dosimetry, as an example,
would be expected to take years before being accepted
by operating and regulatory staffs.

(6) It is likely that new fuel arrangements which are devised
to reduce neutron fluence at the pressure vessel would

require verification of calculational techniques and,
hence, would be treated in a conservative fashion by
those determining the reduction in embrittlement
susceptibility.

(7) An increasing emphasis on us'ing displacements per atom (dpa)
certainly appears to be a better basis for evaluation of
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I total fluence than either fast fluence above 1 Mev or
fluence greater than 0.1 Mov. Nonetheless, one must
consider the inherent uncertainties involved in the
calculations that determine the total dpa to a given
structure.

(8) Neptunium's usefulness as an activation foil stems from
its' neutron spectral response, being the most similar
to that of dpa of any of the foils that are presently
being used. Nonetheless, for some as yet undetermined
reason, the variations in the neptunium foil activities
are substantially greater than those of other foils.

Until the causes of these variations can be determined
and corrected, reliance on neptunium as a fluence and
dpa indicator is in question.7

(9) Niobium-93 may offer an attractive alternative to
neptunium. It has an attractive half-life of 12.6
years. Its' sensitivity to neutrons covers an energy
spectrum that is close to that of dpa and its'
mechanical and emission properties appear to be
appropriate. It has been used in Europe for some
time. Despite the consideration raised in Item 5
above, irradiation of new foil materials, or the
testing of new fluence monitoring techniques, is
of value to utilities. When acceptability is
achieved for certain techniques, the utility which
has used this technique will have this additional,
more significant data.

EPRI will continue to emphasize two areas in neutron dosimetry:
1) the reduction of and the determination of uncertainties in spectral
estimates, and 2) direct measurements of total fluence at operating
power reactors through the use of foil activations and direct comparison
of these results with the calculated neutron spectra. The nine items

;cited above are an expression of some of the observations and concerns
we have regarding dosimetry and its' applications to the pressure
vessel thermal shock issue.
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CALCULATION OF NEUTRON SPECTRA AT THE PRESSURE
! VESSEL AND CAVITY OF A PWR

1

N. Tsoulfanidis, D.R. Edwards, D. Frankenbach,
5

L. Kao, R. Lemaster, and K. Wincel

,

ABSTRACT,

Transport calculations of the neutron flux have been
performed in the region extending from the center of the,

core to the concrete wall forming the cavity behind the
pressure vessel of a Pressurized Witer Reactor. The trans-

1 port codes XSDRNPM and DOT-IV were used in 1-D and 2-D
; geometries, respectively. A 450 slice of the reactor divided

into 52 angular intervals formed the basis of a R-0 model
for DOT-IV. The neutron source distribution for the R-O
calculation was obtained from information provided by the
Performance Data Output (PDO) report which is produced by
the plant computer based on in-core measurement of the
power distribution. The R-0 flux was corrected for leak-
age along the Z axis by combining results of a 1-D and a 2-D
R-Z calculation. The results are compared with a neutron
spectrum measured at one point in the cavity. For E>300 kev
the result of the calculation is lower than that of the

| experiment; for E<300 kev, the opposite it true. Ig front of
the Pressure vessel the flux for E>lMeV is 9.16x10 n/cm 3,2

Assuming a 40 year lifetime and a 80% capacity factor, the
neutron fluence with E>1MeV hitting the pressure vessel will
be 9.24x1018 n/cm ,2

e

,

INTRODUCTION
I

' This work presents calculations of neutron energy spectra in a
Pressurized Water Reactor (PWR) in the space that extends from the

; center of the core up to the end of the cavity surrounding the Pres-
sure Vessel (PV). Knowledge of the radiation field to which critical
components such as the PV and support structures are subjected is impor-
tant beca tse it provides us with a more accurate estimate of the radi-

ation dose and its effect-radiation damage-imparted upon these compo-
nents. Since radiation damage changes the strength of materials, know-
ing the radiation field enables us to predict radiation-induced changes
with greater accuracy and thus increase the margin of safety during
operation of a nuclear power plant.

519
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In all nuclear power plants PV surveillance dosinetry programs
have been established providing useful experimental data. The Nuclear
Regulatory Commission (NRC) is supporting these efforts and furthermore

lis attempting to standarize the dosimetry procedures employed . The
Electric Power Research Institute (EPRI) is also supporting the effort
and this report is a part of this program.

Calculations of neutron energy spectra in PWR's have been reported
in the past. A brief but comprehensive review of the problem was given

2 3 4by Rahn and by Gritzner et al . The proceedings of a special session
during the American Nuclear Society meeting of November 1978 also con-

5stitute an excellent review. Finally, the report on the PCA blind test
provides valuable insight into this problem.

The calculations presented in this report are compared with exper-
imental results obtained by Dr. C. Cogburn and his co-workers of the

r

University of Arkansas. The experiments' were performed at the Arkansas
Power and Light Company, Arkansas Nuclear One (ANO) plant.

METHOD OF CAICULATION

Neutron Spectra have been calculated for the ANO-1 reactor using
<

! l-D and 2-D transport codes. The 1-D calculations were performed
using the transport code XSDRNPM with cylindrical geometry and reflect-
ive boundary conditions on the lef t and vacuum boundary conditions on
the outer surface of the concrete wall. The following equation was
used to obtain the source normalizacion for the 1-D calculation (par-
ameter XNF in XSDRNPM)

" ' 1= 5.22x10 n/cm-s (1)*

XNF - g g h
~

For ANO-1 P=2599.6 Mwt and core height = 366 cm, =2.46= average number
of neutrons per fission

For our study, the basic cross secgion data came from ENDF/B
version IV in the form of the VITAMIN-C library. Two libraries that
were obtained by collapsing the VITAMIN-C cross sections are the

7 8BUGLE-80 and SAILWR which consist of 47 neutron and 20 gamma energy
The SAILWR library is a variation of BUGLE-80.groups.

238
i We used the cross sections for U and the plutonium isotopes
-

The cross sections for all the other isotopesfrom the SAILWR library.
were obtained by collapsing the 171 group cross sections of VITAMIN-C
into the 26-neutron group structure shown in Table 1,using the code
XSDRNPM. All the calculations (1-D and 2-D) were executed using a P3
expansion of the scattering cross section and a S8 angular quadrature.

!
i

4

e - - -
- --
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Table 1. The 26-Meutron C:oup Energy Structure

Group E Upper Group E Upper

1 17.33 Mev 14 183.2 Kev
2 12.21 Mov 15 111.1 Kev
3 10.00 Mov 16 67.4 Kev
4 7.41 Mev 17 31.8 Kev
5 4.97 Mev 18 26.1 Kev
6 3.U1 Mev 19 24.2 Kev
' 2.47 MeV 20 15.0 Kev
8 2.31 Mov 21 7.1 Kev
9 1.65 Mov 22 454.0 ev

10 1.00 Mev 23 101.3 ev
11 742.7 Kev 24 1.86 ev
12 497.9 Kev 25 0.414 ev
13 297.2 Kev 26 0.100 cv

The 2-D calculations were performed using DOT-IV in R-0 geometry.
,

The R-0 model of ANO-1 used in DOT is shown in Fig.1. One eighth of i

the reactor ( a 450 slice) was modeled, divided into 52 angular inter-
vals. Along the radial direction, the calculation was accomplished in
two steps. The first step covered the region from the core center
up to the PV whereas the second covered the area from the water region
in front of the PV up to the end of the concrete wall forming the
cavity around the PV. The output of DOT from the first step was
introduced into the same code as a neutron source for the second step
employing bootstrapping. Sixty-five radial intervals were used for the
first step and 49 for the second. Reflective boundary conditions were
applied along the 00 and 450 lines from the center of the core up to
and including the PV. Vacuum boundary conditions were employed beyond
that point.

The neutron source used in the calculation was obtained from in-
formation contained in the Performance Data Output (PDO) report that
is produced by the plant computer. All the numbers in the PDO have
their origin in the signal generated by the Self-powered Neutron
Detectors (SPND) placed inside the instrumented assemblies of the

i

reactor core. Every instrumented assembly contains seven SPND's which, |
essentially, divide the assembly into seven segments and provide a
signal that depends on the thermal power produced by the corresponding
segment. Thus, every instrumented assembly provides seven numbers
which give the Z-distribution of the power generated in it. Using
symmetry and other information, the power distribution for all 177
assemblies in the core is obtained from the data provided by the
instrumented ones. The neutron source is given by

_ _ - _ _ _ _ _
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P- 3

n= 2.989E167v (n/cm .s) (2)

where P = total power (Mwt) (or assembly power)

V = core volume (or assembly volume)

Since the R-0 calculation is based on two dimensions, a correction
has to be applied for the leakage along the third dimension (Z-axis).
The correction was accomplished by executing h 2-D R-Z DOT and a 1-D
XSDRNPM calculation. Axial leakage factors were obtained by dividing
the DOT R-Z flux by the corresponding XSDRNPM flux. Thus, for every
group g, a 3-D flux was determined f rom the equation

(q (r , z) DOT
4 (r,0,z) = 4 (r,0 DOT) X (3)
9 9 9 ' XSDRNPM

RESULTS

Since this work concentrates on the fluence hitting the PV, most
of the results refer to that position. Fluxes at the foil position
in the cavity are also presented for comparison with experiment.
Figure 2 shows the change of the energy spectrum as the neutrons
traverse the PV. The neutron spectrum at the foil location (cavity)
is presented in Fig. 3. The experimental result shown in Fig. 3 is
that of experiment #7 performed by the University of Arkansas group.
Tables 2 and 3 give the numerical values of group fluxes. For neutron
energy larger than 1 MeV, the difference between experiment and
calculation is less than 10% for the first eight groups, 16% for group
eight and 33% for group nine.

Because the shape of the neutron spectrum does not change with
angle, Fig. 2 and 3 show the flux at 23 only. The variation of the
neutron flux as a function of the angle 0 is shown in Fig. 4, for the
first neutron group. As the neutron energy decreases, the angular
variation, in general, is smoother. There is considerable variation
of the flux in front of the PV and at T/4, but at the foil position
the flux looks much more even. We conclude that it would be difficult
to check experimentally the angular variation of the flux at the posi-
tion of the PV by placing foils at dif ferent angles but at a position
inside the cavity.

To investigate how the flux changes from cycle to cycle, the DOT-
IV R-0 calculation was repeated using data from ANO-1 cycle 5. The

results that the position and power generated by the assemblies of the
last row may change significantly the angular variation of the flux
of the PV position, from cycle to cycle.

_ _ _ .
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Table 2. Group Fluxes at Four Different
Locations (Corrected for Axial Icakage)

Group In Front of At 1/4 T At 3/4 T Behind the PV
PV of PV of PV

1 3.24E7 1.28E7 2.03E6 7.57ES
2 8.22E7 3.08E7 4.45E6 1.59E6
3 3.57E8 1.30E8 1.68E7 5.65E6
4 1.07E9 3.62E8 3.93E7 1.22E7
5 1.63E9 5.76E8 6.66E7 2.00E7
6 1.08E9 4.62E8 6.12E7 1.81E7
7 4. 90E8 2.18E8 2.97E7 8.70E6
8 1.86E9 1.10E9 1.98E8 5.63E7
9 2.54E9 2.07E9 5.28E8 1.59E8
10 1.40E9 1.22E9 3.79E8 1.34E8
11 2.08E9 2.78E9 1.30E9 4.40E8
12 2.10E9 3.59E9 2.08E9 6.39E8
13 1.49E9 1.45E9 7.40E8 3.16E8
14 1.35E9 1.94E9 ^1.14E9 3.75E8
15 1.llE9 1.53E9 9.45E8 2.81E8
16 1.31E9 7.60E8 3.90E8 1.96E8
17 3.17E8 8.96E7 4.73E7 3.50E7
18 1.98E8 5.33E8 3.42E8 1.50E8
19 7.66E8 7.33E8 4.80E8 2.45E8
20 1.10E9 3.58E8 1.69E8 1.50E8
21 4.00E9 1.82E9 6.37E8 4.73E8
22 2.23E9 9.66E8 3.02E8 2.31E8
23 6.25E9 2.24E9 5.28E8 4.90E8
24 2.18E9 4.60E8 8.65E7 1.42E8
25 3.66E9 1.81E8 2.17E7 1.56E8
26 1.95E10 1.21E8 8.27E6 6.03E8

The radial variation of the flux is shown in Fig. 5 and 6. Fig.

5 shows the change of the flex as a function of distance from the
center of the core, for three neutron groups. The effects of the
heterogeneity at the end of the core are clearly shown, especially
for the thermal flux. Fig. 6 shows integral fluxes as a function of
distance.

Table 4 gives the numerical values of the integral fluxes at
three locations: in front of PV, at T/4 of PV and at the foil location.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 3. Calculated and Measured Neutron
Energy Spectra at the Foil Position

Group Experiment R-0 Leakage Flux Difference

#7 Calculation Factor Corrected g

for Leakage

1 4.477E5 5.225E5 0.83 4.35E5 3

2 9.528E5 1.085E6 0.84 9.15ES 4

3 3.371E6 3.847E6 0.85 3.28E6 3

4 8.392E6 8.579E6 0.86 7.40E6 12

5 1.446E7 1.529E7 0.85 1.30E7 10
6 1.260E7 1.440E7 0.84 1.21E7 4

7 6.513E6 6.983E6 0.84 5.8556 10
8 4.450E7 4.506E7 0.83 3.73E6 16
9 1.695E8 1.401E8 0.80 1.13E8 33

10 2.025E8 1.289E8 0.79 1.01E8 50

11 4.934E8 4.319E8 0.76 3.29E8 33

12 5.927E8 6.814E8 0.75 5.10E8 14

13 3.663E8 4.045E8 0.73 2.96E8 19
14 2.997E8 4.561E8 0.72 3.30E8 -10

15 2.164E8 3.591E8 0.71 2.56E8 -18

16 1.843E8 2.939E8 0.70 2.06E8 -12

17 5.962E7 4.444E7 0.70 3.10E7 48
18 6.008E7 1.356E8 0.74 1. ole 8 -68

19 1.918E8 2.706E8 0.76 2.06E8 -7
20 1.413E8 2.519E8 0.73 1.83E8 -29

21 4.921E8 7.693E8 0.70 5.40E8 -10

22 1.453E8 3.743E8 0.70 2.61E8 -80

23 4.360E8 1.842E8 0.70 5.48E8 -26

24 1.296E8 2.166E8 0.71 1.53E8 -18
25 9.636E7 2.068E8 0.72 1.49E8 -55

26 1.970E8 6.219E8 0.72 4.48E8 -127

CONCLUSIONS
Transport calculations of the neutron energy

spectrum have been performed and compared with a neutron spectrum
measured at one position in the cavity. The difference between
measured and calculated spectrum is less than 16% for neutron energy
greater than 2.3 MeV (Table 4). For lower energies the differences
are larger with the most significant being the flux difference at 1 MeV
(group 10) and at 0.743 MeV (group 11). In general, the result of the

calculation is lower than that of the experiment for E>300 kev,,and
higher for lower energies.

The maximum of the neutron flux for E>lMeV in front of the PV at
9 223 is equal to 9.16x10 n/cm s. Assuming a 40 year lifetime and a 80%

capacity factor, the neutron fluence with E>l MeV hitting the PV is
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10 29.24x10 n/cm .

The R-0 calculation shows that there is a considerable variation
of the flux hitting the pressure vessel as a function of angle,
variation which may change from cycle to cycle and, as a result, move
the maximum of the flux hitting the PV to a different angle. Since
the lifetime of the PV is decided on the basis of the maximum and not
of the average fluence, it wculd be prudent to study ways by which
the angular variation of the flux hitting the PV becomes more even.

Table 4 Integral Fluxed at Three Different
Locations. Experimental Results Also Shown

E > IMeV E > 67 kev E Totaln n

In front 1. ole 10 2.07E10 6.40E10
of P.V. *9.16E9 *l.87ElO *5.92ElO
T/4 of 5.32E9 1.92E10 2.80E10
P.V. *4.96E9 *l.75E10 *2.57E10
Foil 2.36E8 2.70E9 6.67E9
Position *l.93E8 *2.02E9 *4.84E9
Foil Position 2.607E8 2.432E9 4.565E9
(Experiment)

* Flux Corrected for Leakage
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NEUTRON DOSIMETRY IN TIIE PRESSURE VESSEL CAVITY
OF TWO PRESSURIZED WATER REACTORS

W. E. Brandon, C. O. Cogburn, R. R. Culp,
J. L. Meason*, W. W. Sallee, J. G. Williams +

University of Arkansas
Fayetteville, AR 72701

ABSTRACT

Measurements of the neutron field in the pressure vessel cavity of
two PWR's have been made in order to validate calculations of damage dose
to the vessel and to provide knowledge of the source of radiation stream-
ing. The two reactors are Arkansas Unit one, a Babcock and Wilcox design,
and Unit Two, a Combustion Engineering design.

Foil packages and stainless steel chains, employing a total of 12
dosimetry reactions, have been exposed in detector wells in the cavity of
each reactor. More than twelve separate experiments have been carried
out at various stages of four fuel cycles. Detectors were placed at the
core center-line elevation in all experiments, and at additional positions
from the water-nozzle level down to the bottom of the active fuel, in some
experiments . Detector wells at different azimuthal positions have been
used for the irradiations.

Reaction rates normalized to full power in each reactor are presented.
Spectra unfolded from the data using SAND-II and STAY'SL are also pre-
sented, and compared with calculated spectra from transport calculations
on the Arkansas reactors, described in a companion paper by the University
of Missouri (Rolla) research group.

INTRODUCTION

A study of the radiation field just outside the pressure vessel of
Unit-I at the Arkansas nuclear plant was begun in 1977. This was a joint
study between the University of Arkansas (funded by the Arkansas, Power &
Light Co.), the National Bureau of Standards, and Hanford Engineering
Development Laboratory (both funded by the Nuclear Regulatory Commission).
Starting in November 1979, the research became a joint project between

*Present address: White Sands Missile Range, N. M.
+Present address: Imperial College, University of London

Research sponsored by the Electric Power
Research Institute and Arkansas Power & Light Co.
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the Electric Power Research Institute, AP&L, the U of A, and the University:

of Missouri-Rolla (UMR) .

Measurements began in Unit-II in December 1979, during initial physics*

tests. These measurements involve the use of activation and fission foils
to determine the neutron spectra in the pressure vessel cavity of each of'

the two AP&L reactors. Unit-1 is a Babcock & Wilcox pressurized water
i reactor; Unit-II is a Combustion Engineering PWR.

I Fif teen separate " experiments" are complete or are being irradiated
i as indicated in Table 1. Detailed measurements have been made at levels

of the horizontal centerline, the water nozzle, top of fuel, bottom of
fuel, and just below the centerline. Axial flux profiles have been run
for both units. Some measurements have been made at different azimuthals

I positions . These experiments cover most of three fuel cycles in Unit-I
and two cycles in Unit-11. Neutron spectra and flux values have been ex- |

tracted from the foil data in an effort to allow improved predictions for
'

operating nuclear power plants.

!

EXPERIMENTAL METi:0D
i

|

In Unit I, two diametrically opposite spare detector wells have been
|

available for the experiments. These are 6-inch, schedule-40 stainless
j steel pipes running from the top to near the bottom of the pressure vessel

cavity. A fixture was designed for supporting the foil capsules in the
| center of the pipe and for ' facing' the foils toward the core, at the

chosen experimental elevation. The fixture holds four sets of foils; one
covered with A1, two covered with Cd, and one covered with B-10. The B-10
spherical holder for fission foils gives a different threshold and alsoi

! reduces the uncertainty of U-235 fission in the depleted (U-238) foils.
| Measured lengths of stainless steel chain were used for vertical position-

ing of the foil fixtures. Beads from the stainless steel chain were
clipped and counted, providing both fast and thermal flux profile measure-
ments.

Foils of U-235, U-238, Np-237, Cu, Fe, Co, Ni, Ag, Ti, Sc, and Ta,
plus pellets of sulfur (loaded on " ladder-rungs" along the chains) have
been used.

The same materials have also been irradiated in Unit II. Although
Unit II has no spare detector wells, there is sufficient space in the
wells, beside the installed instruments, for a foil holder of a somewhat

,

{ different design. Due to space restrictions, a B-10 sphere cannot be used.

All experiments have been placed and removed during operational
.

outages of the Arkansas plants. On removal of the foils from the reactor
|

building, the entire assembly is decontaminated, checked by health physics
j staff at the plant, and packed for transportation by auto to the U of A

labs. Approximately 2 hours are required for travel and preparation'

|

|

i
I
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for counting. High-resolution germanium-gamma detector spectroscopy
systems are used to count the foils, with computer analysis of the gamma
spectra.

DATA REDUCTION AND ANALYSIS

Each relevant gamma energy peak is counted to a statistical accuracy
of 1% or better and the not count, along with reactor power history data
are input to a computcr program. The program takes into account power
variations (or brief outages), allows for radioactive buildup and decay,
and gives the net reaction rate for each isotope in terms of equivalent
full-power operation. Typical reaction rates, in disintegrations per
second per atom (dps/ atom), are listed in Table 2.

The reaction rates, together with a trial spectrum, serve as input
Ito the computer code SAND-II , which provides an iterated 621-group

neutron energy spectrum. Initially, for experiments I-l through I-5, a
simulated PWR cavity spectrum from a Monte-Carlo calculation was used as
the trial input spectrum. More recently, the calculated spectrum provided

2by the UMR group has been used for trial input to SAND-II. The
ENDF/B-IV dosimetry cross-sections have been used to date, but a change
to ENDF/B-V is in progress. The unfolding code STAY'SL3 has been used
as a check on SAND-II results.

|

SPECTRAL RESULTS

Corrected reaction rates (as in Table 2), along with a trial spectrum
or best estimate, are put into the unfolding code. SAND-II has been used
for most of the unfolding calculations. Figure 1 shows the SAND-II results
for experiment I-5 of Unit-I at the horizontal midplane location. In
addition to the SAND-II code, the STAY'SL unfolding code has been run for
one of the capsule positions of experiment I-5. The spectra calculated
by the two codes agree well.

Also shown in Figure 1 is the SAND-II results for experiment II-2 of
Unit-II. The overall intensity is greater and the average energ,y is some-
what higher for the Unit-II spectrum. The variation in spectra of the
units is mainly due to the difference in reactor design. Unit-II has a
high-power-density core with no thermal shield and the foil positions are
also slightly closer to the core than those of Unit-I.

Tabulation of SAND-II results for both Unit-I and Unit-II at selected
energy ranges are given in Table 3. The column labeled "4>1.0 MeV" gives
an indication of the potential damage to the vessel by fast neutron
hombardment. Since 90% of the embrittlement of steel is thought to be
caused by neutrons in the energy range from 0.05 to 5.0 MeV, this column

_ _ _ - - _ _ _ _ _ _ - _ _ _ _ _ - _ _ - _ _
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in the table may give an indication of total damage. The total flux
(4,10-10 MeV) and the log "mid-point" of this energy range, 0.5 MeV, are
listed for comparison purposes. The flux above 0.01 MeV (probably the
threshold for damage) and the average spectrum energy in kev above the
0.01 MeV threshold are also included in the table.

At distances above or below the horizontal mid-plane of the core,
the SAND-II results indicate some softening of the neutron spectrum as
well as a reduction in intensity. A series of flux profiles run for each
reactor also bear out this variation. Figure 2 indicate.s this variation
in the axial fast flux profile above core mid-plane, measured by the Ni-58
(n.p)Co-58 reaction. Sulfur pellets and iron foils have given similar
results.

2A comparison between the UMR calculated 26-energy-group neutron

spectrum for experiment I-7 and the U of A measured spectrum is shown
in Figure 3. The calculated values are higher than the measured values
for the low energy part of the spectrum, up to about 300 kev. Above this
point, the measured values are higher. These dif ferences between measured
and calculated values are now under investigation. The measured spectrum
of Figure 3 was obtained by compaction of a 621-group SAND-II spectrum to
26 groups using integral flux values. Experiment 7 from Unit I data was
selected for comparison because it s as a midplane horizontal-center-lir.e
measurement during a time period of fairly steady power.

SUMMARY

The neutron field in the pressure vessel cavity of two PWRs has been
measured by activation and fission foil techniques. Spectra have been
extracted, by use of the SAND-II unfolding code, for several vertical
levels along both units. The neutron flux in the pressure vessel cavity
of Unit-11 (built by Combustion Engineering) is somewhat higher than that
for Unit-I (by Babcock & Wilcox) . Vertical flux profiles indicate a
sof tening of the neutron spectrum above and below the horizontal centerline
of both units. Independent calculational investigations by the University
of Missouri are consistent in general with the measurements; however there
are discernable differences in the two results.

Analysis of core burn-up effects have yet to be examined. As more
data for Unit-II is accumulated, the details of the differences between
the spectra of the two PWRs should be better understood. The discrepancies
between measured and calculated neutron spectra have lead to the suspicion
that the published cross-sections and fission yields for irradiation of
fission foils may not be correct for the neutron spectra of the Arkansas
plants.

Planned investigations will focus on correlating the current pressure
vessel dosimetry study with in-vessel dosimetry and metallurgical surveil-
lance specimen analysis at the time of the next refueling of Unit-II.

;
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tab 12 1

P.V. CAVITY DOSIETRY EFJllifiTS - A Pr, L RRiT

FXP. to. !ICATICtl GTART g EFTD PB4 ARKS

#01-1 lbriz. C/L 12-8-77 1-31-78 41.82 Trial-foils, etc.

NOI-2 tbriz. C/L 4-23-78 12-31-78 238.86 Several rarps
in PWR

NO I - 3 Top cf Ibel 2-5-79 3-30-79 51.63 ' Steady' par

NO I - 4 !bzzle level 6-24-79 10-20-79 121 da ' Steady' WR

Horiz. C/L for last 31 da

NOI - 5 tezzle level, 11-19-79 12-31-79 40.33 One of best
top cf ibel. irradiations

& horiz. C/L

NO I - 6 tbzzle level. 1-3-80 7-17-80 99.11 Erratic PhTt
31" below C/L. &
bottan of fuel

NoI- 7 Horiz. C/L & 8-4-ao 9-5-80 30.03 Fairly

flux profile steady PWR

NO1 - 8 Horiz. C/L & 9-28-80 1-31-81 81.69 F< educed par

flux profile last 30 days

NoI-9 Horiz. C/L & 3-24-81 7
flux pmfile

NOII - 1 Hcriz. C/L 12-1 79 1-29-80 40 da Ttrysics tests
(erratic)

NOII - 2 Horiz. C/L & 2-2-80 9-3-80 120.65 Many rarps &
flux pmfile trips

NOII - 3 lbriz. C/L & 9-7-80 3-27-81 204 da Several rarps
in par

flux profile

NOI! 4 Horiz. C/L & 7-3-81 9-27-81 62.6 Early rmps

flux profiles & trips

0 4 radial pas.

NO II - 5 " 2 pcs1ticris 10-11-82 1-7-82 64.7 Many rwps
& trips

NOII - 6 2 positions 1-11-82 ?
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TAB 2 2

Saturated Re:ctJon Rates
at the Horf2cntal Midplane

|AiO - 1] NIT I 1RfI? - II

React 1(r) Exp. 4 Exp. 5 Exp. 6 Exp. 7 Exp. 2 Exp. 3

T1-46(n.p) 2.4GE-18 2.35E-18 2.27E-18 2.50E-18 1.18E-17 4.58E-18

Ni-58(n.p) 1.67E-17 1.73E-17 1.70E-17 1.76E-17 8.77E-17 3.56E-17
Fe-54(n.p) 1.13E-17 1.26E-17 1.26E-17 1.27E-17 6.41E-17 2.31E-17

Fe-58(n.v) 1.21E-16 1.2fE-16 1.33E-16 1.33E-16 5.66E-16 3.60E-16
Co-59(n,v) 8.48E-15 5.57E-15 5.46E-15 5.62E-15 2.20E-14 1.62E-14

Sc45(n.v) 1.19E-15 1.^JE-15 9.71E-16 1.04E-15 4.47E-15 3.14E-15
Ag-109(n.y) 5.68E-15 4.33E-15 4.39E-15 4.32E-15 1.92E-14 1.41E-14

Cu-63(n.a) 1.90E-19 1.7?E-19 1.70E-19 7.43E-19 2.93E-19------

U-235(n.F) 3.37E-14 3.46E-14 3.8CE-14 3.71E-14 1.55E-13 1.10E-13

4.45E-15'

U-238(n.F) 6.62E-17 1.23E-16 1.19E-16 9.17E-17 not comted

7.42E-17'

N -237(n.F) 1.03E-15 1.07E-15 1.34E-15 1.?3E-E 5.85E-15 2.91E-15

1.01E-15'

Note: All rates are dra/ atom.

* Reaction rates frun Borra-10 covered foils.
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TABLE 3

Experimental Spectral Ccaparison - ANO
i.-

Flux at Horizontal Mi@ lane of thit-I (n/an -sec) x 10~9
2

|

Experiment 6>1x10-10 4>O.01 e>0.OS $>O.5 4>1.0 0.05<6<5.0 E)O.01 MeV

MeV MeV MeV MeV MeV MeV (kev)

i

.

Trial Irpat 4.483 2.264 1.774 0.5556 0.1832 1.761 411.6

' < Spectrun

4 4.038 2.441 2.019 0.7582 0.2209 2.006 458.9

5 4.543 2.984 2.405 0.8197 0.2470 2.392 420.3

,

6 4.756 3.196 2.710 1.046 0.2755 2.698 457.6

7 4.565 3.010 2.523 0.9523 0.2617 2.458 454.0

i Experimental 4.660 3.043 2.471 0.8712 0.2546 2.458 427.1
Average

2
Flux at Horizontal Mi@ lane of thit-TI (n/cm -sec) x 10'

I

i
~ Trial Irput 30.32 14.51 11.31 3.615 1.250 11.32 417.5

Spectrun
:

.

2 19.73 13.00 11.06 4.530 1.306 11.00 489.2
)

3 12.35 7.515 6.171 2.237 0.5958 6.147 421.0

- , ..-_. _ ,, _ - _ - . - . _ ,
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FIGURE 2
RRKRNSRS NUCLERR ONE, UNIT I, EXP. #7'

I Rxtal Flux >2.9 MeV In RPV Cavity
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A NEW ANALYSIS OF THE EXPERIMENT FOR MEASUREMENT OF 4 > 1 MeV
; IN PRESSURE VESSEL CAVITY OF U.S. LIGHT WATER POWER REACTOR

ARKANSAS

Maria Petilli
C.N.E.N., C.S.N. Casaccia

> Roma, Italy

ABSTRACT

The new method of multiple unfolding has been applied to
the analysis of a complex experiment having as object the eva-
luation of absolute value of 4 > 1 MeV in the pressure vessel
cavity of Arkansas P&L reactor. This approach is different

; with respect to that used by NBS team in a precedent evalua-
'

tion. The results show a gain in the accuracy if the multi-
ple unfolding is used and, at the same time, the importance of
use of covariances for a good propagation of errors.

I. INTRODUCTION

The NBS organized and performed, with HELD collaboration, a very
elaborate experiment in order to evaluate the full power intensity of
flux 4 > 1 MeV in Arkansas P&L U.S. reactor pressure vessel cavity.

!

The result of this experiment has been already calculated by C. M.
Eisenhauer et al. ,1 with an accurate evaluatio of uncertainties, by fol-
lowing the traditional proceeding.

The importance of this experiment is either for the result itself or
for the adopted method of benchmark referencing and flux transfer, here
applied twice, utilizing a lot of informations very useful to reduce the;

uncertainties. For this reason it seemed very interesting to apply at
this experiment the new analysis method, appeared in dosimetry problems
in the last few years, which includes the covariances in the error trea-
tment.

The multiple unfolding code, which is an extension of method used by
unfolding codes DANTE ,3 and STAY'SL,4 derived from this application.2

4

545
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II. THE FLUX TRANSFER METHOD

.

In the flux transfer method, the flux $s in a studied field is exp-
f a benchmark field and some ratios betweenressed in therms of flux $b

measured and calculated parameters in both spectra. In this way one can

take advantage on the knowledge available for characteristics of reference
field to have a better accuracy in the evaluation of flux in the other
spectrum.5

The expression transferring the flux intensity above a fixed energy
to 4 * I8:E , from 4b so

A, o (>E ) b(# s(> P) x 4 (>E )b p p (1)$,(>E ) .

b o= x x
A II (>E ) $ (>E ) $s(>E )b s p b o o

where:

measured value of reaction rates, respectively inA, and Ab =

studied and benchmark field, at the end of irradia-
tion, corrected for the decay.

average value of cross section in the range of ene-U(>E ) =

p
rgy with lower limit E , giving the percentage "p"

p
of the answer for the reaction observed in the con-
sidered spectrum.

$(>E )/Q(>E ) = spectrum coverage factor, equal to the fraction ofp o
flux above Eo giving the percentage "p" of the ans-

wer.

III. DESCRIPTION OF THE EXPERIMENT

In the considered experiment there are two flux transfers (see: Fi-
gure 1).1

First there is a fl.sx transfer from the benchmark BIGTEN, having a
well known spectrum,6 to the Arkansas P&L pressure vessel cavity, by mean
of activation measurements.7 For this purpose four threshold detectors

Fe ", Ti"') were used (see: Table 1).7'Os(U23e, Ni38,

. ..
. . . . . .

.
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Figure 1

252NBS-I Cf Fission BIGTEN ArkansasRa-BE Neutron U metallicum RPV CavityStandard Standard benchmark

\ / 'N / N /_

Comparison Flux Transfer Flux Transfer
in Fission yield in Activation measurements238Hn SO bath U measurement U238, NiS8, Fe54 Ti'04

t

u,,t
' M

Table 1. Reaction Rates ratio values

Experimental Calc. initial Calc. after M.U. Correlats a matrim of Calculated Values (Z)
(a) (b) (a) (b)

,. -

AArk/A U "(n.f)Sa *' .0251 2 4.0% .0228 2 12.2% .0246 1 3.6% 100 1003

ST
Nise(n p) .0231 t 4.0% .0283 1 23.0% .0230 2 4.0% 67 100 0 100
Fe'*(n.p) .0221 2 4.0% .0227 2 25.7% .0221 2 3.8% 62 68 100 -1 0 100
Ti''(n.p) .0294 2 4.0% .0324 1 32.6% .0293 2 3.8% 46 46 56 100 -1 0 1 100

ARTIAClas U "(n.f) 1012 2 2.8% P91 1 6.3% 987 2 2.8% -35 -22 -21 -18 100 -7 -1 -1 1 1002

_ _ _ __



548

252 9,10
Than there was a flux transfer from Cf source to BIGTEN

using a fission chamber with fissionable deposits and measuring the fis-
sion yield of U2n (see: Table 1).11

Finally, the Cf s2 source was calibrated, by a comparison in a man-2

ganous sul hate bath, with NBS-I Ra-Be standard source having a measured
2

intensity:

29.12 11.2% n/cm s4 252(>1 MeV) =
Cf

IV. THE MULTIPLE UNFOLDING METHOD

The multiple unfolding consists in a contemporary adjustment of dif-
forent spectra 4i E {$ } and different cross sections El E {a } from

Theindex"i"identifiesthefluxorthe}crossse-integral measurements.
ction, and the index "j" is the current index for the energy group.

The theory applied for the calculation of adjusted fluxes and cross
sections, is that of least squares already used either in unfolding codes

2 15 for the adjustement of cross se-DANTE ,3 and STAY'SL4 or in code AMARA

ClionS.

Using a formalism close to that of F. G. Percy,4 all the fluxes and
,

1 ithe cross sections are given in form of vector & E {4 ) and E E {E } with
their variance-covariance matrix N4 and Ng respectively.

The measured integral parameters have to be regarding one of the flu-
xes 4 and one of reactions having cross section El. They are indicated1

by a vector A* with its associated variance-covariance matrix N **A

In the multiple unfolding code EOLO,16 expressly written for this
analysis, the integral data can be given as absolute values or as ratios
between two measurements. For this reason the multiple unfolding is par-

ticulary interesting, from the point of view of calculation, when ratio

I,

measurements are given, as in this experiment.
I

l 4
' After introduced the vector P E and its variance-covariance ma-

E
ON0trix Np = , one calculates the value P' corresponding to the ma-

0 Ng
|

! ximum of probability distribution function, supposed than P and A* are
given. This corresponds to minimize the function:
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2 P-V i ~I
N O P-F

Px = .

(2).

A*- X 0 N. A-AA

where I is calculated by P.

2The value of P' corresponding to the minimum of x function is given
by:

P' - P Np+S (NA + N o) * (A - A) (3)= +
A

In Eq.2 and Eq.3, N represents the variance-covariance matrix of ve-A
ctor A calculated by P, and S E {3A/3P} is the sensitivity matrix of tran-
sformation from vector P to vector A.
For the adjusted variance-covariance matrix Nps see: Eq. 4, p. 8 .

Using the Eq.3 and Eq.4, one can calculate the output values 4' and
E' of fluxes and cross sections, together with their uncertainties.

V. ANALYSIS OF THE EXPERIMENT

The analysis of the experithent can be divided in four steps:

1. Calculation of adjusted fluxes and cross sections

2. Calculation of parameters for the flux transfer
3. Calculation of 4 ~> 1 MeV from different detectors
4. Calculation of mean value of 4 > 1 MeV

i

l6In Step 1 the fluxes were calculated by EOLO starting by the values
of fluxes and cross sections, in five groups, used by C. M. Eisenhauer et
al. in their analysis.17 The results are summarized in Table 2. The va-
lues of measured parameters calculated using adjusted fluxes and cross
sections are given in Table 1.

In Step 2 the factors appearing in Eq.1 were calculated either for
the flux transfer from BIGTEN to Arkansas P&L or for the flux transfer
from Cf s2 to BIGTEN, by mean of fluxes and cross sections obtained in2

Step 1. For this analysis is: E = 1 MeV and p = 95%.g

The expression giving the variance-covariance matrix of flux transfer
parameters in function of N , is:p

SfT (5)N S *N."
FT FT p

_ _ _ _ _ _
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Table 2. Group Flux and Cross Section results from
Multiple Unfolding

4*du Uanag,,fy ygsego,p) y,s*(n.p) Ti''(n.p)

Me V (a) (b) (c) (a) (b) (c) (a) (b) (c) (a) (b) (c) (a) (b) (c)Energy

1.0 - 1.5 33.0 26.8 13.6 20.0 18.5 4.9 20.0 20.0 0.1 - - - - - -

5.0 4.9 1.0 4.0 3.9 7.0 10.0 10.0 0.1 20.0 20.0 -0.3 - - -

| 1.5 - 2.3
2.3 - 3.7 30.0 19.2 21.6 3.0 3.0 0.2 10.0 9.9 0.2 15.0 14.9 -0.8 40.0 40.3 -2.5

3 3.1 - 8.0 27.0 15.6 7.5 50 4.9 0.6 15.0 12.3 1,3 15.0 12.9 -2.4 20.0 17.3 -3.7
,

8.0 - 12. 15.0 14.9 0.1 6.0 6.0 0.1 20.0 19.9 0.3 30.0 30.1 -1.1 30.0 30.0 -1.8

1.0 - 1.5 10.0 9.8 1.4 20.0 18.4 5.8 20.0 20.0 -0.1 - - - - - -

3 1.5 - 2.3 5.0 4.7 1.8 4.0 3.8 1.2 10.0 10.0 -0.1 20.0 19.9 0.2 - - -

b 2.3 - 3.7 8.0 7.0 4.6 3.0 2.9 0.6 10.0 9.8 -0.3 15.0 14.3 1.1 40.0 39.6 0.8

2 3.7 - 8.0 14.0 10.4 12.1 5.0 4.9 1.2 15.0 13.0 -1.2 15.0 12.7 2.2 20.0 15.1 4.1

8.0 - 12. 15.0 14.7 1.5 6.0 6.0 0.2 20.0 20.0 -0.2 30.0 29.7 0.7 30.0 29.0 . 1.8 w
m
C)

1.0 - 1.5 5.0 5.0 -0.3 20.0 20.9 -5.0

1.5 - 2.3 5.0 5.0 -2.3 4.0 4.0 -1.5

3 2.3-3.7 5.0 5.0 -2.7 3.0 3.0 -1.0

0 3.7 - 8.0 5.0 5.0 -2.3 5.0 5.0 -2.3

8.0 - 12. 10.0 10.1 -0.9 6.0 6.0 -0.3

(a) errors in input values (2)
(b) errors in output values (Z)
(c) corrections of values from M.U. calculation (I)

-

. ..

_ _ .
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where: S is the sensitivity matrix of transformation, from group fluxesg
and cross sections, to truncated cross sections and spectrum coverage fac-
tors relative to the two flux transfers of this experiment.

The Step 3 gives, as result, the multiple values of CArk > 1 MeV from
different detectors, with teir variance-covariance matrix calculated by
an expression similar to Eq.5. Now these values have to be combined to
obtain the mean value of 4 Ark > 1 MeV (see: Table 3).

Table 3. CArk > 1 Mev fr m different detectors
(n/cm2 s)

Detecter with M.U. without M.U. Correlation matrix (Z)
(a) (b) (a) (b)

Uase 3.56 x 108 2 15.2% 3.60 x 108 2 17.5% 100 100
Ni'' 3.50 x 108 t 15.9% 3.53 x 108 2 27.4% 86 100 72 100Fe'' 3.48 x 108 8t 15.1% 3.32 x 10 2 29.7% 85 86 100 67 72 1000 8Ti'' 3.46 x 10 1 15.1% 3.10 x 10 2 36.3% 84 85 85 100 53 61 61 100

The evaluation of mean value of 4 Ark > 1 MeV has been done, in Step 4,
by code BOLIK,10 using again the least squares method. That is, it was
calculated the best expected value of 4 Ark > 1 MeV, once had available the
results from different detectors,and under the hypotesis the 4 Ark > 1 MeV
was unknown before this experiment was performed. This hypotesis has been
expressed numerically by assuming, for the calculation, an input value
with 100% of error. As expected, the result is pratica11y indipendent
on the guess value (see: Tabic 4).

Table 4. Mean value of 4 Ark > 1 MeV
(n/cm2 s)

Guess value Result with M.U. Result without M.U.

3.5 x 108 g goog 3,49 x 108 2 14.2% 3.58 x 108 1 17.2%
5.0 x 109 1 100% 3.49 x 108 82 14.3% 3.59 x 10 g gy,4g

8 83.5 x 108 100% * 3.50 x 10 1 7.6% 3.46 x 10 2 12.3%1

C.M. Eisenhauer et al. - 3.45 x 108 , g$,og

* ithout correlation between 4 Ark 'w ** "***" **'" "

To see the influence of multiple unfolding on the result, a calcula-
tion has been done with the omission of Step 1. In this way not adjusted
fluxes and cross sections have been used in the evaluation of truncated
cross sections and spectrum coverage factors (see: Table 4).

_ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ __ _ . _ _ _
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V1. CONCLUSIONS

The results (see: Table 3-4) are clearly better in case of calculation
Howeverwith multiple unfolding which gives a 3% of gain in the accuracy.

has to be noted that in the evaluation of mean value of @ Ark >l MeV the redu-
ction of error, with respect to the multiple values from different detectors,
is 1 ewer for the calculation with multiple unfolding than in the calculation
without multiple unfolding. This seems to be depending on the fact that the
correlation between the different values of CArk > 1 MeV is higher ir. the
first case. This is confirmed by a calculation done under the assumption
the multiple values of & rk > 1 MeV were not correlated (see: Table 4).A

The result obtained by C. M. Eisenhauer et al.,I calculated by weigh-
ting the multiple results on the spectrum coverage factor, indicates that
in the traditional proceeding, without the use of variance-covariance ma-
trices, the informations coming from the correlations are not kept in the
due account and are lost with an effect on the result (see: Table 4).

Finally, one can conclude that the multiple unfolding and the use of
covariances give more accuracy in evaluation and a proper propagation of
errors which cannot be completly followed by a traditional proceeding when
the experiment is compicx as in this case.
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To be added at Chapter IV, p. 5 :

-Np*Si * (NA + N *) S*N (4)Ne -N =
A pp p

_ _ . _
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BROWNS FFRRY UNIT 3 CAVITY NEUTRON SPECTRAT. ANAT.YSIS

G. C. Martin
General Electric Company. Vallecitos Nuclear Center

Pleasanton. California 94566

H. A. Till
Electric Power Research Institute

Palo Alto. California 94303

ABSTRACT

The General Electric Company at the Vallecitos Nuclear Center (GE-VNC)
has performed neutron dosimetry measurements in the Browns Ferry Unit 3
reactor (BF3) cavity using multiple dosimeter and spectrum unfolding
techniques. These measurements are the first in a BWR cavity and comprise
an important part in a general program related to verification of pressure
vessel integrity and to validation of calculations.

Determinations of BF3 cavity neutron flux densities at five key loca-
tions at full power (1098 MWe) during core cycle 2 (November 1978 to |
August 1979) are as follows:

'

Flux Density (n cm" s-3) at 1098 MWe
Neutron Neutron 30*, 330* 270* 30* 30*
Energy Energy Core Core 5-ft 6-ft
Region (MeV) Midplane Midplane Below C.M. Above C.M.

-9 -7 7Thermal 1x10 -5x10 1.8x10 __ __ __

8 8 8 8
Inter- 5x10- -0.1 1.8x10 1.7x10 1.5x10 1.6x10
mediate

7 7 7
Fast 1-15 7.0x10 3.1x10 2.9x10 3.5x10

-9 8
Total 1x10 -15 5.6x10 __ __ __

Based on 17 generated neutron spectra, the >0.1/>1 MeV flux density
ratio in the BF3 cavity was determined to be 3.610.2 (lo) and the
determined >l MeV fast cross section for the 54Fe(n.p)54Mn reaction
was 0.08310.005 (lo) barns.

Verification of the reaction rate measurements for dosimeters located
at 30* core midplane was made by the SCK/CEN (Belgium) laboratory.
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INTRODUCTION

The Electric Power Research Institute (EPRI) Advisory Group on Radia-
tion Transport has identified the area of making radiation measurements
on operatirg reactors in the cavity area between the pressure vessel
and primary shield wall as being a high priority item. The goal of the
program is to obtain accurate neutron and gamma ray data on Boiling
Water Reactor (BWR) and Pressurized Water Reactor (PWR) plants.

A knowledge of the neutron flux and spectrum in the reactor cavity is
highly desirable for a number of safety and operational reasons. These
include assessing the radiation embrittlement of the pressure vessel
and support structures and estimating the activation of components.

The effort in this area is directed toward the continued assurance of
the safety of new and existing plants and to meet licensing and techni-
cal specification requirements set forth in 10CFR50 and USNRC Regula-
tory Guide 1.99. The neutron dosimetry data would help verify the long
term integrity and service life of a light water reactor pressure
vessel and help forestall restrictive operating envelops due to neutron
damage and reduction in transition temperature considerations.

Under an EPRI contract to the General Electric Company (GE) the major
task objective was to determine the fast neutron energy spectra and
flux levels in a BWR cavity region. The test was to be performed at
selected locationc axially and azimuthally. during high power opera-
ting conditions. Complete energy spectra were also to be determined at
one or more selected locations. Data on gamma ray flux levels were
also to be obtained.

Browns Ferry Unit 3 (BF3) was the reactor of choice since flux-spectrum
capsules were already located inside the pressure vessel. the method of
capsule insertion and removal in the cavity appeared to be an uncompli-
cated one (as a result of a visit to BF3). as the cavity annulus is

approximately 20 cm wide, and BF3 management had expressed a willing-
ness to cooperate. These measurements. therefore, would complement
already-installed in-vessel dosimeters to give a flux mapping from the
shroud to the reactor cavity.

The intent of the EPRI-GE progree was to provide experimental data to
establish a data base for cavity radiation levels in such a form for
use in the verification of neutron damage calculations to the beltline
and nozzle regions of the pressure vessel and radiation streaming in
the reactor cavity. Thus, these experimental data are to be used to
benchmark calculations.

The measurement method utilized radioactivity counting data frem acti-
vation and fission dosimeters in combination with ENDF/B-V differential
cross sections and a GE spectrum unfolding computer program.
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j A series of radiation measurement tests have been performed at the Browns
Ferry Unit 3 nuclear power plant which provide a comprehensive study of;

I the neutron and/or gamma radiation levels from the reactor shroud to the
| exterior drywell wall. BF3 is a 1098-MWe BWR with 8x8 fuel assemblies and
! is located near Decatur. Alabama. USA. and is operated by the Tennessee

Valley Authority (TVA).

I The first of the tests consisted of a TVA-GE funded program to determine
the neutron flux densities fluences, and energy spectra between theshroud and inside wall of the pressure vessel. Four special neutron

'

capsule holders were installed in BF3 prior to the initial reactor startup
August 1976 and were removed and shipped October 1978 to GE-VNC for,

analysis.y

The second study was an EPRI funded program for GE to perform neutron
spectra and gamma radiation measurements in the reactor cavity between the
reactor pressure vessel and shield wall.2 Four strings of neutron cap-
sules and two strings of gamma capsules were suspended in the BF3 cavity.
This study took place during the second BF3 fuel cycle (November 1978-

| August 1979).
I
r

| The third study was a GE-funded program which extended the reactor cavity
neutron and gamma measurements into the dr ell proper. This study also

; was nade during the second BF3 fuel cycle.
!
'

The locations of the in-vessel. cavity. and two of the drywell capsules
are shown in Fig. 1.

1 The locations of all neutron capsules in the cavity are shown schema-

: tically in Fig. 2. The bare and shielded capsules are drawn light and
dark, respectively.

'

!

j This paper describes the experimental studies relating to the neutron
fields in the BF3 cavity. Passive activation detectors (dosimeters) at

,

30 locations were used for determining the neutron spectra. These
types of dosimeters are small and are stable over a large temperature

i gradient (the BF3 cavity temperature was measured to be approximately
54*C). A relatively small capsule can contain several dosimeters to

a provide neutron flux density, fluence. and spectral information over a
j broad range of neutron energies and as a function of location in a
' reactor.

i EXPERIMENTAL

i
I The method of capsule insertion in the BF3 cavity w*as the suspension
j at each of four azimuthal locations (30*. 90*. 270 . 330*- see Fig. 1)

of a chain of dosimeters from the feedwater nozzle insulation to the,

i
t

4

!
!
i

. . - - , .. , _ . . - -.. . - - . , ,
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recirculation inlet nozzle insulation. a distance of 23 feet (7
meters). The chain consisted of precut prelabeled sections of 62-mil
(1.57 sus) nickel (Ni) wire, itself a f ast flux monitor. connecting
aluminum capsules which contained the neutron dosimeters.

Thirty aluminum' capsules were prepared. 22 contained shielded (cadmium
oxide-copper)(45 mils Cd) tubes and eight were unshielded. The neutron
dosimeters selected included: oxides of 235g, 238 . 237Np. andU

235 ; and Fe. Ni. Ti, Cu. and A1Co232Th; salts of Ag. Sc. and U

wires.

After irradiation. the dosimeters were non-destructively analyzed for
radioactivity activation and fission product content by gaussa spectro-
metry and/or by gross gamma counting. The nickel gradient wires which
were located between the cavity capsules were cut into 1-in (2.54 cm)

58Co activity. Approximately 1300segments before analysis for
dosimeters and flux gradient samples were prepared. All counting
systems were calibrated with standards procured from the National
Bureau of Standards and Amersham Corporation.

Reaction rates were subsequently calculated from the activity data and
reactor power history. These reaction rates were then extrapolated to
the capsule reference points using flux gradient data. The extrapo -
lated values were inserted into a GE unfolding computei program for
neutron spectral analysis.

RESULTS

The measured disintegration rates and measured and extrapolated reac-
tion rates of the neutron dosimeters located within the 30 flux
capsules are presented elsewhere.2

232Th dosimeters irradiatedMany of the 235g, 238 237Np. andU
within the 30 flux capsules in the cavity required long count times

137Cs andbecause of low fission product activity. Generally. the
103 u gamma peaks required relatively high background / Compton correc-R
tions. The 140BaLa half-life (12.8 d) is too short to be used

95 r. itself. can sufferaccurately for a BWR 9-month irradiation. Z
232Th daughters. For this experiment. 95Nbfrom natural-background

gave the most consistent measurement of any filsion product radio-
nuclide. Based on theoretical calculations of the buildup and decay of
95Zr and 95Nb during and following the BF3 ' irradiation, and veri-
fied by the counting of selected higher-radioactive fission dosimeters.
the 95Nb peak has been used to obtain 95 r activities for 235g,Z

238 . and 237Np. The photofission (y.f) factors used for 238UU
232Th are the latest data available.4 These correction237Np. and

factors are approximately 10% for 238 . 3% for 237Np. and 20% forU

232Th.

. . . .

_

.
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TABLE 1. Thermat, 1stermediate. Fest, and Total Flus Donettles - SF) Cavity

FlusDeesitg'at1098Moe(e ce* s*I)
Elev. met.

Capoule to Core real late tete Feet T tal
1:10*g-15NovNumber Midslene (ft) 1:10" -5s10*I 5s10* -0.1 1-15 As tant h

8.7x10 1.1s10 - 30*1 -W -

8 #
2 -5 - 1.5s10 2.9:10 --

8
3 -3 2.3s10 5.2 10 ---

1A -2 2.la10 2.7s10 6.410' 5.5:108 8

8
4 -1 2.9 10 2.8 10 7.):10 5.6:10

8 8
5 0 '.8:10 2.7:10 6.9:10 5.7:10

8
2A +1 2.9a10 3.1x10 7.8:10 6.3a10

8 86 +2 3.0x10 3.1 10 8.0x10 6.3x10

8
7 +3 - 3.2x10 7.0s10 -

8 8
4A +4 2.9a10 2.3a10 5.9:10 4.6 10

I
8 +5 2.6 10 - 4.8m10 -

#
9 +6 - 1.6 10 3.5a10 -

10 +8 - 6.4 10 6.0 10'#
--

8
11 +105 - 2.5a10 1.2a10 -

12 +13 - 1.0x10 - -

13 +15\ - 4.6:10 -- -

14 - 6\ ~ 9.9n10 1.3m10 - 330*

8
15 -5 1.6 10 3.1x10- --

# 8 # 8
16 -1 2.7:10 2.6 10 6. 5C.0 5.1s10

8 I 817 0 2.9 10 2.9 10 7.1 10 .5.5 10
I 8 I 8

3A +1 2.8s10 2.3:10 7.4 10 4.8s10

I
18 +6 - 1.7s10 3.6m10 -

# 619 +10\ - 2.5a10 1.3 10 _

6
_20 +15 - 4.0s10 ,,

# #
21 -5 - 9.0:10 1.5:10 - 270*

8 I1.7:10 3.1:1022 0 - -

23 +6 8.8s10 1.8:10 ---

_ _ _ _ _ .
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The extrapolation of measured reaction rates to the capsule reference
points (top-center) was based on the radioanalysis of the'small (3.2 mm
diameter) flux gradient nickel disks or 12.7 am diameter iron disks
which were located at different and measured elevations within the
capsules. The horizontal gradient factors ranged from 0.968 to 1.025.

-The vertical gradient factors per 1/4-inch (6.35 mm) to the tops of the
capsules were measured to be approximately 1.01 at core bottom. 1.003
at core midplane, and 0.99 at core top.

Table 1 gives a breakdown of flux densities and fluences into three
groups: thermal (1x10-9-5x10-7 Mev). intermediate (5x10-7-0.1
MeV). and fast (>l MeV).

The highest fast flux density determined was at 30* at 2-f t above
core midplane (capsule No. 6); the >l Mev value was 8.0x107

2n/cm .s. The 330* to 270* >l MeV flux density ratio (edge of
core / flat portion of core) was approximately 2.3. The >0.1/>l MeV flux
density ratio in the BF3 cavity was determined to be 3.610.2 (la). |

Based on the radioanalysis of the Ni gradient wires. the >l MeV fast

flux densities at the bottom of the 30*. 330*. 270* feedwater nozzle
insulations were all approximately 2x105 2n/cm .s. and the corres-
ponding >l MeV values at the top of the recirculation nozzle insula-
tions were approximately 6x106 2n/cm .s and 3x106 2n/cm .s at
30*/330*. and at 270*. respectively. The peak 58co activities are
located 1 to 2 feet above core midplane.

Calculated >l MeV fast cross sections determined by the spectrum
unfolding method for the 54Fe(n.p). 58Ni(n.p). 63Cu(n.a).
137Np(n.f). and 238 (n.f) reactions for 17 capsules wereU

0.08310.005 (la). 0.11410.005 (la). 0.00161.0.0001 (la).
2.910.1 (la). and 0.361.0.02 (la) barns, respectively.

Fig. 3 gives determined fast flux densities at core midplane as a
function of distance from core centerline for the three BF3 programs.

I

DISCUSSION AND CONCLUSIONS

The first determination of the neutron spectral shape and integral flux
density levels in a BWR cavity has been successful and is an important
step in indicating the feasibility of performing pressure vessel
dosimetry experiments which can obviate the placement of dosimeter
specimens within the pressure vessel.

The advantages of cavity rather than in-vessel dosimetry are 1) the
relative ease of handling dosimeter capsules. 2) insertion and removal

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _



. _ . . .
_ _ _ _ _ . _ _ _ _ _ - _

564

of cavity capsules can be made during scheduled or unscheduled plant
outages following the de-inertion of the drywell, 3) no contamination
within the vessel is possible, 4) photofission corrections for fission

235U in the cavity versus 35% withindosimeters are smaller (10% for
the vessel), 5) laborous calculations of localized power histories were
not necessary for this cavity experiment as opposed to the previous
in-vessel experiment, 6) thermal-to-fast flux density ratios are very
much lower in the cavity (1:10) than at the pressure vessel (3:1) and
therefore reduce the effects of impurities in fast flux dosimeters
during radioanalysis, and 7) lower-level dose rates of cavity capsules
reduce shipping problems.

The disadvantages of cavity experiments are 1) the larger extrapolation
of data from the cavity to the 1/4 T pressure vessel position, and 2)
the lower activities (and therefore longer count times) produced in the
cavity compared to those at the ID of the pressure vessel (a factor of

238 , a factor of 16 for Fe, Ni, Cu).11 for U

An interlaboratory comparison of activity and reaction rate
measurements for all dosimeters from capsule No. 5, located at 30' core
midplane, was made by the SCK/CEN laboratory at Mol, Belgium and
GE-VNC. The agreement between the two laboratories was excellent. For
non-fission dosimeters (i.e., Ag, Co, Cu, Fe, Ni, Sc, Ti) the reaction
rate measurement agreement was better than 2%, except for Ag which was
8%. For the reaction rates of the fission dosimeters (i.e., 235 ,U

103Ru, 1-6% for238g, 237Np, 232Th) the agreement was 2-3% for
95 rNb, and 6-10% for (the low count rate) 137Cs.Z
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CONTROL OF THE ORR-PSF PRESSURE VESSEL SURVEILLANCE

IRRtDIATION EXPERIMENT TEMPERATURE

L. F. Miller
University of Tennessee Oak Ridge National Laboratory
Knoxville , Tennessee , USA Oak Ridge , Tennessee , USA

ABSTRACT

Control of the Oak Ridge Research Reactor Pool Side
Facility (ORR-PSF) pressure vessel surveillance irra-
diation experiment temperature is implemented by digital
computer control of electrical heaters under fixed cooling
conditions. Cooling is accomplished with continuous flows
of water in pipes between specimen sets and of helium-neon
gas in the specimen set hou sings.

Control laws are obtained from solucions of the j
discrete-time Riccati equation and are implemented with !
direct digital control of solid state relays in the '

electrical heater circuit. Power dissipated by the heaters
is determined by variac settings and the percent of time
that the solid state relays allow power to be supplied to
the heaters. Control demands are updated every forty
seconds.

Temperature and power data are recorded on-line at one
hour intervals, except during transient conditions, and are
processed off-line to obtain characterization data for each
the rmocoup le . Results obtained for each thermocouple
include : average te mp e ra tu re , standard deviation, and a
time histogram of temperatures. Time of irradiation and
megawatt hours of irradiation are also determined. The se

results are use ful for correlating netallurgical property
data with the irradiation environment and for evaluating
the control algorithm performance. Nearly all of the ther-
mocouple temperatures are maintained within 5'C of 288'C

and have standard deviations of less than 2*C.

565
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1. INTRODUCTION

The United States Nuclear Regulatory Commission is conducting an
extensive research program into characterizations of irradiation ef fects
on various steels. This work is funded through the UWR Pressure Vessel
Surveillance Dosimetry Improvement Program.I Motivation for this pro-
gram stema primarily from the fa c t that approximately twenty of the
first built Light Water Reactors (0WRs) do not have in place te s t spe ci-
mens made of pressure vessel steels. Thus, several irradiations of
appropriate steels are haing conducted in research reactors at an accel-
erated ' ate relative to power reactors. It is desired that the irra-r

diations relative to this report be performed at essentially the same
temperature as the pressure vessel of a typical light water reactor. In

particular, the temperature of each irradiation capsule is to be main-
tained at 288'C + 10*C. This is accomplished by control of electrical
heaters on the front and back faces of each sat of irradiation specimens.

Cooling conditions are fixed.

Schemattes of the Oak Ridge Reactor Pool Side Facility (ORR-PSF)
irradiation experiment are shown in Figs. I and 2 of re ference 6. Note
that two irradiation capsules are employed. One simulates the surveil-
lance capsule placed behind the thermal shield in some UWRs and the
other simulates the pressure vessel. A single set of specimens is
placed in the simalated surveillance capsule (SSC) and three sets of
specimens (see Fig. 2 of reference 6) are placed in the pressure vessel
cap su le . These correspond to pressure vessel positions of: 1) zero
thickness (OT) or su r fa ce , 2) one-fourth thickness (1/4T), and 3) one-
half thickness (1/2T). A schematic of a capsule control system is shown
in Fig. 1.

Reactor power and specimen temperature data are recorded every hour
during normal operating conditions and more frequently during transients.
These data are processed in order to characterize the temperature and
neutron fluence environment associated with physical property data obtained
from the irradiated metallurgical test specimens. Data selected to charac-
terize the irradiation environment are:

1) time that the experiment is in place and reactor power is
greater than 5 MW (the GRR is not operated for extended periods
below 6 HJ),

2) accunnlated megawatt-hours of irradiation,
3) time histrogram based on five temperature intervals,
4) average temperature of each thermocouple af ter an average speci-

men set temperature of 285*C is achieved and the specific
thermocouple temperature is greater than 270*C, and

5) standard deviation associated with each thermocouple temperature.

Ca lcu la tions for items 2-5 are performed consistently with the determi-
nation of accumulation of irradiation time as defined by item 1.

,
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2. THEORY

2.1 General Considerations

It is expected that the reactor power will nearly always be constant
at 30 MW. Exceptions occur during inadvertent reactor setbacks and
p lanned shu tdowns. T hu s , the transient response of the control algorithm
must have acceptable performance with respect to overshoot and settling
time, bu t the dynamic response with respect to tracki.ng is not very
i mp or t a n t . Steady-state control of the spatial temperature distribution
is the objective of primary concern.

There is a variety of options with regard to methods for imple-
menting a control algorithm. Several state variable approaches include :
1) eigenvalue placement, 2) ou tpu t feedback stabilization, and 3) opti-
mal control. Each of these methods could be implemented as a discrete-
or continuous-time algorithm.

2.2 Development of the Continuous-Time Model

The partial dif ferential equation, with minor assumptions, which
describes the tempe ra tu re distribution with the experiment cap su le is
given by

.

q'''(r,t)
'

.
2

T(r., t ) = aV T(r , t ) + (2.1)'
,

_ . g

where

a = k/pCp
q ' ' ' = internal heat generation ra te

p = material density
capacityC

k = hea t
=

thermal conductivity
T = te mp e ra tu re .

Equation 2.1 can be discretized to form a set of ordinary differential
equations of the form

.

, t) (2.2)T(t) = A T(t) + (

/
where

, = vector which represents the internal heating associated with
each tempera ture node ,

][ = vector of temperatures corresponding to selected spatial
locations,

A,= coefficient matrix which represents the coupling between ~.
tempera ture nodes.

.

_ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The internal heating rate, ( t ) , nn y be broken into coivonente which
represent the grimma he a t ing , W7(t), and electrical heating, W,(t), so

that

. . .

W(t) = W (t) + W (t). (2.3)y a
. .

Note that the internal heating rate vectors, V;y and Wa , nay be repre-
sented in terms of measurable parameters which gives,

.

W (t) = K P (t) (2.4)
M. - R

" E b(t) (2.5)'>

whe re

P (t) = reactor power,
RP (t) = vector of electrical heater powers,
e

K, = vector which converts reactor power to ganma heating,
1 = matrix whicS converts electrical heat tr power to internal heat-

ing.

If equations 2.3 through 2.5 are substituted into equation 2.2, one
obtains

ict) = A T(t) + K_ P m + a LW. u.oy

Equation 2.6 is L tear and could be employed directly in a set point
tracking control algorithm.2 However, the regulator problem is imple-
mented based on the expansion of equation 2.6 about a reference
operating point. This yields,

ST(t) = A 6T(t) + 1 &(t) + K 6P *

R

where
6T(t ) = T(r) - L ,

6P ~ ~

R R Ro'

& (r) = P (t) - P,o.e

A first order Taylor series expansion of the temperature vector gives,

a 6T 3 6T
=

- 6P +
-

L. (2.8)6T
--ss 3 6P bR

- _ _
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Note that at steady state, all 6T(t) are zero. Thu s , if equation 2.8 is
substituted into equation 2.7, restricted to steady state, one identifies

'

directly that

3 6T
.B.

=
.A.

~~ (2.9)3P g

and

3 6T
. (2.10)K=-1 3 jR

I

The partial derivatives of interest are obtained by perturbations of
electrical heaters and reactor power. The system matr!x, A, is obtained
by analysis of time response da ta. If variations in reactor power are
neglected and the usual text book nomenclature is substituted into
equation 2.7, one obtains the following for the continuous-time model:

(t) = g X(t) + B U(t) + K V(t). (2.11)

If reactor power variations are not included, the continuous-time model
becomes,

X,(t) = A X_(t) + 1 U,(t). (2.12)

In order to employ a discrete-time algorithm, the continuous-time
model mist be transformed to a discrete-time system.3

2.3 Transformation from a Continuous- to a Discrete-Time Model

The solution to equation 2.12 is given by

'At A(t-2)X(t) = e X(0) + fe 1 U,(T) dr. (2.13)

If we consider a discretized system sampled at intervals of time T one
obtains,3

P

AT T

X,(n + 1) = e" X,(n) + f e"ATdT B U,(T), (2.14)
a

which niy be written as
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~ ~

X,(n + 1) = 4 X,(n) + 3 U(n) (2.15)

~

where A and B are defined implicitly with A assumed to be time indepen-
dent and U assumed to be constant over each time interval. These matri-

computed by expanding the matrix exponential in an infiniteces are
series until convergence is obtained.

2.4 Determination of Closed-Loop-State-

Variable Control Laws

Implementation of a discrete-time control algorithm with a contin-
u ou s -t ime system co2ld be accomplished in a variety of ways. First, one

has the choice of calculating the control law with either eigenvalue
placement or optimal methods. In neither case can performance parame-
ters such as settling time and overshoot be specified a priori. Inpu t
parameters nist be adju-ted for both methods to obtain acceptable tra n-
sient response characteristics. Steady-state conditions should be the
same regardless of Lae method for determining the control law. An opti-

mal arthod is used for this work, and the optimal control law is obtained
by solving the discrete-time Riccati equation. The procedure employed
is one given by Kirk.4

The system in question, an irradiation capsule, is assumed to be
time-invariant and completely controllable. In addition, it is assumed

that the system states and controls are not constrained. In this case

the optimal control law is time-invariant for an infinite-stage process,
and the feedback law can be implemented with constant gain factors. The
numerical evaluation of the feedback matrix is relatively straightforward,
but care mu s t be employed in determining convergence since the conver-
gence rate may be nonuniform. The computer program for this calculation,
RCTEQ,5,6 solves either the continuous- or discrete-time Riccati equation.
Impleme ntation sof tware is discussed in references 6 and 7. Results are
presented in reference 6.

2.5 Characterization of Capsule Temperature Environment

Most of the five items, listed in the Introduction, which are
scleeted to characterize the capsule irradiation environment require no
mathematical explanations. Some mathematical descriptiens are presented,
however , to illustrate the calculation of average temperature and the
standard deviation of the tempe ra tu re for each thermocouple. Imp le me n ta-

tion of these algorithms b;comes complicated because arbitrary times for
insertions and retractions of the capsules, along with temperature and
power software switches, ma s t be integrated into a general calendar
r ou t i ne . Details are given in reference 8.

In mathematical terms, the average tempera ture is defined by

- _ _ - - _
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0

Y(0) = f x(t) T(T)dt, (2.16)
o

O

T = f x(t)dt (2.17)
o

whe re

0 = time interval over which data are processed.
X( t) = zero or unity as de tined by irradiation and capsule conditions,

T = c f fective irradiation time,

T( T) = thermocouple tempe ra tu re ,
T( 0) = average the mocouple temperature defined over 0.

The variance as defined over the irradiation time, O, is

[ X(t)[T(T) - Y(0)]2 di . (2.18)os"
o

Determination of the variance b utilizing equation 2.18 requires that
the average temperature be available from equation 2.16 and that the
data be processed twice. In order to obtain both the average te m-

perature and the variance of the temperature in a single pass through
t he da ta , the average temperature at time 0 + A may be written as

T(0 + A) = T(0) + p X(T) T(T) dt (2.19).
p

0

If the integral is approximated by using the trapezoidal rule,

A T(0) + T(0 + A)
Y(t + A) = T + A Y(0) + T + A (2.20).

2

The same approach may be employed to obtain the variance in a single
pass through the data to obtain

o3 73(og + C) + 7 3 [T0+A/2 - Y(6 + A)] (2.21)=
g

where

C = T[T(0+A) - T(0)]2

0+ A/2 = [T( 0) + T( 0 + A)] /2 .

Additional details relative to this development are given in reference 8.

- - - _ _ _ . ._ _
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3. EXPERIMENTS AND RESULTS

3.1 Experimental Determination of the System
and System Input Matrices

The schematic shown in Fig. 1 is essentially the same for the su r -
veillance position and the three pressure vessel positions. Five heaters
are on the front side facing the reactor and five are on the back side
of each specimen assembly. Of the thermocouples input to the computer ,
ten are on the front face and ten are on the back face et each set of
irradiation specimens. Several others are input to recorders for pro-
tecting the experiment in case of computer failure.

A partial derivative matrix of changes in temperature of all ther-
mocouples due to a power change of each heater is needed for determining

De tailedthe system and system input matrices defined by equation 2.6.
procedures and results are described in reference 6.

Transient heatup and cooldown data for the surveillance capsule are
given in Fig. 2. A second order response is indicated by the hea tup
response but is not indicated by the cooldown response. In each case,

however, the ef fective first order time constant is approximately 12
for the response of several individual ther-minu te s . This is the ca se

mocouples as wc11 as the average of several thermocouples. The system
matrix is represented as a diagonal matrix with each entry defined by
the reciprocal of the ef fective first order time constant. The response
of a selected thermocouple resulting from heating the pressure vessel
capsule is given in Fig. 3. This response indicates that the dynamical
model is essentially first ocder with an ef fective time constant of 20
minu te s .

3.2 Performance Evaluations

Evaluations of the control algorithm are either computer simula-
Computer simulationtions with the system model or real-time test runs.

calculations are based on an optimal control law obtained from a solu-
tion of a Riccati equation with 500 on the diagonal of the system mode
weighting matrix. Results from the computer simulation indicate satis-

te s t runs indicatefactory performance ; however, several real-time
oscillatory control. This is an indication that the feedback gains are
too large. Disagreement between the simulation runs and the real-time
test runs is probably due to a relatively crude model of the system
matrix. Significant ef fort would be required to obtain an accurate
identification of this matrix. In order to eliminate the problem with
oscillations, the feedback law is recalculated with a system mode
weighting matrix (SHWM) with ten on the diagonal. Re.a lt s from low tem-
perature real-time test runs demonstrate that the feedback law based on
a SM4M with ten on the diagonal performs well. Examples of three tests
are given in Fig. 6 of reference 6. The te s t case methods evaluated

- ---- _ _ - _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ __ _
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are: 1) proportional only, 2) integral only, and 3) average tempera ture . ''!
'"

Because the reference setpoint for heater power cannot be easily -[[established with manual operation of the variacs and because this set 34=
point changes during the fuel cycle, an integrating component is needed __-
in the algorithm. The relative values of proportional and integral -i
gains are established from several real-time te s t runs on the surveil- 2
lance cap su le . Difficulties with all integral control compared with
a combination of proportional plus integral control are: 1) the response

_

===
to perturbations is slower, and 2) overshoot is more pronounced. Complete
proportional control is unacceptable since the setpoint changes daring _ "Et he fuel cycle and the required heater power for a flat capsule tempera-
ture cannot be easily determined. ]|

The algorithm implemented integrates the reference heater power 55
setpoint only during steady-state conditions. Thirty percent of the ?demanded duty cycle change is added to the reference duty cycle every 80 l"
seconds when steady-state conditions prevail. The criterion for steady -

state is that the average capsule temperature changes less than 1*C in
80 seconds. Another feature of the algorithm is that a transfer between

___

-""
;automatic and on/off control is made within a hysteresis band. Trans fer

__

to automatic control is made when the average temperature is within 2*C, _:
and transfer out is made when the average temperature exceeds 5'C. ---

Characterization data for the first simulated surveillance capsule $"
(SSC-1) are given in Table 1, and for the simulated pressure vessel cap- _ _-

'

sulc (PVC) they are given in Table 2 of reference 8. The data for SSC-1 _;[
represent final conditions and those for the PVC are cumulative throu gh eDec. 31, 1980. Note that deleted thermocouples have failed and that 3"

t he ir ou tpu t is set to the reference control temperature of 288'C. Stan- ---

dard deviations for these thermocouples should be zero and their average ---
temperature should be 288'C. Relatively large standacd deviations are
due to erratic thermocouples. Most standard deviations are less than

.

-

2*C, and most average temperatures are within 5'c of 288'C. 2==
M_

__

m
4. CONCLUSIONS AND RECOMMENDATIONS ,,,|

_

==d
A state variable control algorithm is implemented for maintaining 75

temperature control of the ORR-PSF irradiation capsules. The automatic 7;5
algorithm maintains temperatures within a band about 25% smaller than
can be readily accomplished with manual control and makes adjustments

;j|gfor power distribution changes during the fuel cycle. Improved perfor-
mance could probably be obtained if the system matrix contained coupling
terms rather than only first order dynamics. Even though water channels 3E!e xis t be tween the spe cimen se t s , it is apparent when a particular heater "un
is energized that they are not decoupled. Another performance-limittng
factor is that all of the temperatures included in the model (i.e., 20 ,,

9qg
_

M

--"

E
9

--

_
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per specimen set) cannot be driven to a specified temperature simulta-
neously by manual adjustment of the variacs. Refinements in the control
model and capsule design would be worthwhile from the standpoint of
methodology development and from the expected improvement in
performance.
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Fig. 1. Schematic Diagram of an Irradiation Capsule with Thermocouple
Outputs and Heater Control Depicted. Note that the computer controls
the firing of solid-state relays between variacs and electrical heaters.

ORNL-DWG 81-21427"
| I I I I I

~

y HEATUP * 12 min

o\e +
O .5 - 'I [ -'

+/-

w

E

3 .a _
ng -

~

/
< T C00t00 m = 11.5 min
--

35 --
-

.

N
I I I I I I,

0 5 10 15 20 25 30 35

TIME (min)
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Table 1. Cumulative Characterization Data for the Simulated Surveillance Capsule Through June 23, 1980.

Hours of Irradiation Time = 1075.29
Megawatt Hours of Irradiation = 32017.57

Thermocoup le Average Stagdard***<T<270 270(T<28 280 T 2 296<T<306 306<T
Tempera tu re Devia tion

|

TE 1 20.84 283.91 770.55 0.00 0.00 281.25 2.43
TE 2 15.77 4.70 1045.66 9.17 0.00 291.15 1.64,

TE 3 17.82 3.12 1054.34 0.00 0.00 288.49 1.74
TE 4 7.11 9.33 364.74 694.12 0.00 295.39 3.03
TE 5 16.15 3.29 1049.00 6.83 0.00 289.70 1.87 $TE 6 8.25 10.78 977.42 78.84 0.00 292.32 1.99 "

TE 7
TE 8 19.50 7.78 1047.84 0.17 0.00 286.18 1.82
TE 9 10.81 8.75 702.94 352.80 0.00 295.18 1.87
TE 10
TE 11 20.05 131.04 924.21 0.00 0.00 281.90 1.40
TE 12 19.23 106.34 949.71 0.00 0.00 283.51 2.84
TE 13 18.63 5.61 1010.84 40.21 0.00 289.42 2.70
TE 14 19.20 2.80 698.51 354.77 0.00 294.82 2.58
TE 15 19.21 5.31 1050.77 0.00 0.00 287.64 1.62
TE 16 23.64 11.49 1040.16 0.00 0.00 285.61 1.69
TE 17 19.20 9.98 1046.09 0.00 0.00 287.05 1.43
TE 18 20.65 11.53 1043.11 0.00 0.00 288.24 2.41
TE 19 19.82 15.85 1039.61 0.00 0.00 284.07 1.43
TE 20 27.85 46.31 1001.14 0.00 0.00 283.61 2.37

.
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NEUTRON DOSIMETRY IN IRRADIATION CAPSULES FOR
LARGE REACTOR PRESSURE VESSEL STEEL SPECIMENS

D. Bellmann, J. Ahlf, P. Wille, G. Pri11inger*
GKSS-Forschungszentrum Geesthacht Gmbli

D-2054 Geesthacht, FRG
*Universit3t Stuttgart, IKE

D-7000 Stuttgart 80, FRG

ABSTRACT

RPV steel specimens up to 50 mm in thickness have been
irradiated in rigs behind gamma shields of stainless steel
in reflector positions of FRG-2, a swimming pool type
research reactor operating at 15 MW. To reduce fluence
gradients in the specimens the rigs have been rotated several
times during the irradiation period. For fast neutron dosi-
metry the reactions Fe54(n.p)Mn54 and NiS8(n,p)GoS8 have
been used. The evaluation of the monitor activation measure-
ments has been based on 1- and 2-dimensional neutron trans-
port calculations. Discrepancies between "Fe- and Ni-fluences"
have been reduced by 2-dimensional neutron transport calcu-
lations. Fluence and temperature deviations from mean value
$10% respectively $5K can be distinguished, but they lie
within the scatter b nd of the charpy impact test curves of
unirradiated material.

INTRODUCTION

Embrittlement of pressure vessels induced by neutrons is a major
problem concerning the lifetime of light water reactors. Accurate and
appropriate determination of the neutron exposure in the pressure vessel
as well as in irradiation rigs is necessary to correlate irradiation
damage in different neutron environments. Neutron embrittlement is also

very sensitive to irradiation temperature.

Within the reactor safety program of the Federal Republic of
Germany irradiation experiments of pressure vessel steel are in progress
in order to study the embrittlement due to fast neutrons. Two types of
reactor pressure vessel steel ASTM A508 and ASTM A533B in three
different conditions, base and welded material and material of heat

af fected zones are tested with charpy V-notch, tensile, drop weight and
fracture mechanics specimens.

Two protype rigs have already been successfully irradiated in FRG-2
at Geesthacht, a swimming pool type research reactor operating at 15 MW.

579
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19 2One rig was irradiated up to 2.5 x 10 n/cm , the other one up to
2n/cm , E >1MeV. It is possible to irradiate three rigs of7.5 x 1019

this type at the same time, as shown in fig. 1. The rig, fig. 2, was
already described alsewherel. The post irradiation examination of the
specimens is in progress now.

FLUENCE DETERMINATION

The fluence distribution inside the rig was determined by
evaluation of activation wires. They consisted of stainless steel
(X10CrNiNb 18 9), 0.8 mm in diameter. The Mn54 and CoS8 ac'ivity was
measured by scanning the wire along a Ce(Li)-detector. In order to
reduce fluence gradients in irradiation direction the ri'g was revolved
several times along its longitudinal axis during the irradiation period.
This had to be taken into account for the evaluation, because each point
of a horizontal plane in the rig had seen two different neutron spectra,
except the vertical (u-w) middle plane.

First 1-dimensional multigroup neutron transport calculations were
2carried out with the program NEUTRA , based on DTF-IV. The EURLIB-library,

condensed to 34 energy groups (10 groups > 1 MeV), was used. The dosimetry
cross sections were taken from ENDF/B IV.

_ _ _ _ _ _ _ _ _ _ _____ _____
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It was presumed that neutron spectral effects at the sides could
not be neglected because of the large size of the rig compared with the
reactor core. Therefore, the calculations were performed with DOT-IV3
code, using the 100 group EURLIB-library with 31 groups > IMeV. In this
2,limensional case the dosimetry cross sections were taken f rom ENDF/B V.

The fast neutron fluence E > IMeV, obtained from the DOT-calculations
are shown in fig. 3. On the left hand the positions of the wires are
marked. The fluence distribution was approximated by a modified cosine
function. The fluence in u-direction was nearly constant, in v-direction
described by a square function. The standard deviation of the approxi-
mation was small compared with the errors in the fluence determination.

,

The calculation of the fluence in the fracture plane for each specimen
in the rig was made possible by this distribution formula.

The relative neutron flux gradient through the middle of the rig
assembly, normalized to a wire position before the rig in the gamma
absorber, is shown in fig. 4. Along this center line there are only smali
differences between 1- and 2-dimensional spectrum calculations. Measured
values obtained by evaluation of the activation wires inside the rig agree
well with the calculated ones. ,
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Fast neutron fluence, irradiation damage dpa and averaged neutron
sections along three activation wires, also marked in fig. 3,cross

shown in detail in the figures 5, 6, 7 and 8. The results of theare
other wires show the same tendency. 2-dimensional calculations contrary
to 1-dimensional yield a small ascent of the averaged neutron cross
sections at the sides of the rig and a slightly steeper slope for the <

corresponding fast neutron fluence.

In addition the fluence ratio obtained from the Fe(n.p)- and

Ni(n p)-reaction is plotted in fig. 5. It can be seen that the
discrepancy between Fe and Ni has been reduced by the 2-dimensional
neutron transport calculation.
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TEMPERATURE DISTRIBUTION

As mentioned before embrittlement is very sensitive to irradiation
temperature. Therefore the temperature inside the rig must be measured
very exactly and must be constant over the whole irradiation period.
Large gradients must be avoided.

The temperatures inside the rig were traced by 27 therraocouples
marked in fig. 9 and 10. The signals were transmitted in a three minute
cycle to a processing computer and each signal was averaged over the
whole irradiation time.
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The temperature distribution in the specimen volume was approximated
by a polynom of higher order in u , v , w-direction. The swing in w-
direction originates from the three zone heaters before and behind the
specimen volume.

The temperature gradient in u-direction could be avoided in the
following rig by auxiliary heaters at both sides, as shown in fig. 10
The temperatures of all specimens lay within 286 * 9 degrees centigrade.
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EFFECTS OF UNCERTAINTIES IN FLUENCE AND TEMPERATURE

The influence of irradiation. . . . .

'50.....;*p[.4'N temperature and fluence can be seenj
,

,go!
~ ' from charpy impact test plots,

fig. II, for unirradiated and, , ,

so . , , trradiated base material of ASTM
/ A533B, cl. 1, llSST plate 03 in WR,,

0* TE' o orientation. The measured pointsi too 200 300
were fitted to the Caussian inte-_

O 'S L a.r. o s gral. Two charpy V-notch specimen
*

E ,,, 'L" > sets were selected for these impact
,j ,on. tests. The average irradiation..,

- so . . . y temperature
_

f , /, ' , a . . . .. o o,. ,ov Tirr, and fluence &, E > 1McV,
100 0 100 200 300

of each specimen set with their
. -

*
5 8 . , ,o. standard deviations are stated in'S

. . a n . . . .. t
" ' '

fig. II.
ioo

7_...

3,7,,;~~
'
f Fluence and temperature devi-.
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d 4 , , ,, , , , ,, ,.g .,.

respectively ISK can beo
-100 0 100 --200 300

v.,,,p. rat ur. cci --. distinguished, but they lie
within the scatter band of
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NEUTRON SPECTRA MEASUREMENTS IN WWR-S REACTOR

B. 05mera, P. Pittermann, S. Ponta,
D. Svoboda, F. Tom 65ek, Z. Turzfk,'

J. Ulrich, J. Kopeckf
Nuclear Research Institute

Nef, Czechoslovakia

ABSTRACT

The neutron energy spectrum for analysis of
the irradiation experiments in WWR-S-lO reactor
has been measured by activation method. For spec-
trum unfolding the SAND-II code has been utilized,
with the cross section data for the detector foils
taken from ENDF/B-IV. The results of measurements
in three channels are presented in multigroup ABBN
f onnat .

EXPERIMENTAL ARRANGEMENTS

The core of the multi-purpose WER-S-lO irradiation reac-
tor (Nuclear Research Institute MeE) is composed of IRTM ty-
pe fuel elements, Be reflector elements and structural compo-
nents made from) normalized aluminum or aluminium based alloyAD-I and SAV-I+ . The lattico pitch is 71.5 mm, the active
fuel lenght 580 mm.,

The operational core configuration with marked measuring
points is in Fig.1. The IRTM fuel elements consists of three
or four concentric tubes of quadratic form. The thickness of
the fuel tube wall is two militetres, the thickness of the
intrinsic fuel (U - Al metalic dispersion, 80 % U 235 enrich-
ment) is O.4 mm.

The cladding of the fuel, 0.8 mm thick, is made from
SAV-I alloy. The cross-section of the IRTM fuel element is
presented on the Fig. 2. In the centre of four tube composed

+) The composition of the materials:
AD-I: A1; impurities (%): Fe 0 3, Si O.35, Cu O.05

Mg 0.05, others less then 0.1
SAV-I: 0.7 - 1.2 Si, 0.45 - 0 9 Mg, Al;

impurities (%): Cu O.1, Fe 0.2, Zn 0.03, Ti O.01,
Mn 0.01, Ni O.03, B O.0001, Cd 0.001
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elements is instaled irradiation channel of 16 mm diameter
from SAV-I. The three tube elements are placed at the posi-
tions of the control and safety rods; the fourth tube is re-
placed by rod channel from AD-I alloy. The control rods are
23 mm outer diameter, 1 mm wall thickness, 21 mm boral absor-
ber diameter.

Ys N
d/\A

| f ,

| n s 3 se

,

A g. . ..

4a ' "
1 1

1 ,

N ,,$
g ,, ,

'

/ Y' .,
,,

'
% b (7,,

. .

!'4 ss ,

\/ &9 ..

\!4 s5 ,

NN '

,7 I[x\'\, s
'

'
,

F Fuel element Fuel element Be reflector
_ 3 tubes 4 tubes

ghfaMeasuring point r od

Fig. 1. The Operational Core Configuration of WWR-S-10
Reactor.
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The active lenght of control and safety rods is 600 mm,
the bottom part of the rods is joined with aluminium tube of -

513 mm lenght and 23 mm diameter. This aluminium part compen- -

1

sates the local increasing of themal neutron flux dencity.
The measuring points

- I location is indicated in
f7 % Fig. 1; the 57/10 and 3/6i
f(( (equiped with pneumatic rab- -

x ,

=!_* ] W'
bit) are dry channels, the 3

x ----
r x s x

23/10 channel is filled with m'
-

i
j the demineralised water. The -3

'

p1- ==

7 inner diameter of 57/10 and
--

,

'- es

23/10 is 58 mm and 38 mm in'
s

'

_ _ _, .
-

. v_ s_ channel 3/6. _

-

( '

- =-
,

In this three locations "+
x - the activation detectors we- d'

''
. s ~
"

( w(p
-._

) *
x -

g re inserted in aluminium,
-

; resp. polyethylene (pneuma- g
s

- tic rabbit) capsules with
I e i total air volume 94, resp. _M_,

-t ''' ' 50 cubic cm. The weight and EE
I composition of the detectors q

OM wer hosen to follow pro- .==
perly the irradiation sche- M _'x

me (irradiation about 20 mi- M
C /[ nutes at 1 MW power). YI

OS The foils were so se- -N .
lected that their combined 3, ,

sensitivities covered the -

6[ entire energy spectrum from 3
the thermal to the fast ne-: r- -

utron region. A set of di- %
luted resonance indicators A
were prepared by pipetting M

Fig. 2. Schematic Cross- of the diluted solution of M
-Section of the IRT-?J Fuel metals (Au, W, U, Mn, Co) _X-
Element. on the chromatographic paper a

foils sealed between two d
thin (0.1 mm) polyethylene w

foils (likewise the standard technique in neutron activation Manalysis). The Au, W and Mn (n,$) detectors were also prepa- --'

red from multicomponent Ni based alloy /3/. All other detec-
tors were prepared from metalic materials, most of them for- O
med disc, 12.7 mm diameter, g

The induced activity was measured by means of gamma - M
- spectrometry system Plurimat 20 (Intertechnique), Ge(Li) 4
detector (NRI) and linear electronics ORTEC. The pulser met- ""

m
w
&
M

4



- _ _ - - _ - - _ _ _ _ _ _ _ _ - _ . _ _ _ _ .__ _ __ __

590

hod has being used for the pile-up and dead time counting
loses correction. The detector efficiency was detemined in
standardized geometry for 10 cm distance between the foils
and detector using the following calibration sources:
Am 241, Co 57, Ba 133, Mn 54, Zn 65, ce 144, co 60, cs 134,
Eu 152, Ta 182, Ra 226. The decay data of the reactions p/1/.

ro-

ducts from the foil nuclei were taken from the referenceIn order to eliminate systematic errors, the reaction rates
were also detemined by other group with different measuring
system (IN-90, Intertechnique, Ge(Li)-NRI, linear electronics
ORTEC), the calibrating sources and decay data were the same.

RESULTS

The results of reaction rate measurements at 1 MW power
level are presented in Table 1. The SAND-II program /7/ was
utilized for spectrum unfolding. The final spectra are pre-
sented for two measuring positions in Fig. 3, the nomalized
group spectra for three channel are presented in Table 2. The
group structure from 1 to 25 corespond to ABBN fomat /2/,
the group number O contents neutrono above 10.5 MeV, the group
26 is extended down to the 10-10 MeV. The iterative process
was perfomed until satisfaction of the prescribed criterion,
which was 5 % total deviation of the measur./calcul, ratio.

The input spectrum was taken from the proton-recoil mea-
surements in 5R-O low power reactor loaded with the same ty-
pe of fuel elements /4,5/. The low energy part was completed
with Femi and Maxwell spectra, the fission spectrum was used
in fast region.

The main goal of this work was to improve the neutron
monitoring system of the WWR-S-10 irradiation reactor. Prac-
tical utility of the listed and other detectors was studied
with particular interest in detectors with dominant response

f

neutron spectrum. As well as the previous works /y part oin detectors with dominant response in low energ
4,5/ the

results of recent experiments play an important role in
neutron fluence monitoring and analysis of test specimens
which are being irradiated in the reactor for the purpose
of radiation damage investigation. The pressure vessel life-
time prediction of WWER is also based on the evaluated irra-
diation experiments in this reactor /6/; the uncertainties
in neutron spectra and fluence detemination shall be stu-
died furthemore.
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Table 1 Reaction Rates

Reaction
23/10 57/10 3/6

100W (n,f)187W l.43x10-9 7.16x10-10 5.54x10-9
58Fe(n,p)59Fe 2 99x10-ll 9.30x10-12 9.12xlo-12

238U(n,j)239U 3 41x10-10 2. 68 x10-10 1.79x10-10
Au(n,g)198197 Au 3 81x10-9 2.Olx10-9 1.50x10-10

55Mn(n,p) 56Mn 3 27x10-10 1.c5x10-10 1.04x10-10
59 60

Co 9 39x10-10 2.78x10-10 3 28x10-10Co(n,'t) 5454Fe(n,p) Mn 7.42x10-13 7.28x10-13 3 0cx10'"13
24Mg(n,p) 24Na 1.51x10-14 1.56x10-14 6.05x10-15
46Ti(n,p) 46Sc 9 31x10-14 1.03x10-13
47Ti(n,p) 473e 1.74 x10-13 1.83x10-13 6.79x10-14
40Ti(n,p) 40Sc 2.77xlo-15 2.88x10-15 1.29x10-15
56Fe(n,p) 56 -14 1.00x10-14 4.23x10-15Mn 1.05x10

238U (n,f) 40Ba 3 13x10-12
235U (n,f)l40Ba 1.28x10-8 4,g1x1g-9
27A1(n,8) 24tia 7.66x10-15 7.61x10-15 2.62x10-15
27Al(n,p) 27gg 1,77xig-14
58tii(n,p) 58co 6.74x10-13 7 34x10-13 4.18xlo-13

absolute integral
" " 17 17 17
a e O gey 9.481x10 4.587x10 3 475x10,

(m- s-1)
_

k
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Table 2. Normalized Group Fluxeo

Group 23/10 57/10 3/6

0 1.274-4 2.537 -4 1.069-4
1 1.744-3 3 705-3 1.970-3
2 7.245-3 1.756-2 1.106-2

3 2.169-2 4 347-2 2.005-2
4 '.491-2 6.623-2 2.877-2
5 4 381-2 9 003-2 4.638-2
6 8.689-2 8.629-2 8.680-2
7 6.183-2 5.704-2 5 364-2
8 3 861-2 3 689-2 3 649-2
9 2.607-2 2.770-2 2 943-2

10 1.608-2 1 919-2 2 336-2
11 2.393-2 2 967-2 3 769-2
12 1.823-2 2.242-2 2.643-2

13 1.942-2 2 379-2 2.190-2
14 1.649-2 2.224-2 2.411-2
15 1.270-2 1.860-2 1.7 39-2
16 3 360-2 3 227-2 4.645-2
17 1.863-2 2 314-2 3 389-2
18 1.997-2 2.245-2 3 705-2
19 3 140-2 2.816-2 3 607-2
20 2 367-2 2.447-2 2.570-2
21 3 123-2 2.252-2 2 376-2
22 2.041-2 2.4 07 -2 2.969-2

23 4.027-2 3 439-2 4.554-2
24 4.460-2 3 542-2 4.644-2
25 6.649-2 4.246-2 4.912-2
26 2.401-1 1.456-1 1.603-1

..
---- -

58 47
Di carded 58Ni(n,p) Ni(n,p) Ti(n,' p j

48Ti(n,p)
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