
. . .. .. - .

, .
,

NUREG/CR-3814
1

ORNL/TM-9166. ,

,

. OAK RIDGE
NATIONAL

,

LABORATORY
Determination of Damage Exposure

Parameter Values in the PSF i

,,, c, m mam,rr,
~ Metallurgical Irradiation Experiment

F. W. Steilman,

'
.

$

.

.

Prepared for the
U.S. Nuclear Regulatory Commission

Office of Nuclear Regulatory Research
Under Interagency Agreements DOE 40-551-75 and 40-552-75

9'

i 8411280229 841031
-3 PDR

OPERATED BY.

MARTIN MARIETTA ENERGY SYSTEMS, INC.

FOR THE UNITED STATES

.. DEPARTMENT OF ENERGY -

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



- ----_-__-

'

-' *
: a, ,4,

1

e
i

NOTICE
. . i

Avadatmhty of Reference Materets Cned in NRC Pubhcatione
'

' Most cocuments caed n NHC pubhcatons wdl be avadable from one of the followmg
sources:

1. The NRC Pubhc Document Roarn, t117 H S'reet, N W., Washmoton, DC 20555 '

2. The NRC/GPO Sales Program, U S_ Nuclear Regulatory Commesson, Westengton,
DC 20555

3. The National TechrwAlInformahon Service, Sprmgfeld, VA 2216)

Mthough tne hstag that fotows represents the rnaprity of documents cded m Nhc pubhca-
tons,4 rs not intended to be exhaustive.

Referenced documents avadable for insper ton and copyng hr a fee from the NRC Pubbe
Document Room eclude NRC corresposidence and internal NRC memoranda; NRC Office
ut inspecton and Enforcement bulletes, cuculars, information notees, especten and inves-
tegaton retces; Lcensee Event Reports; vendor reports and correspondence Commesson
papers; and apphcant and licensee documents and correspondence

The followmg documents a the NUREG senes are svedeble for purchase from the
NRCtGPO Sales Program; formal NRC staff and contractor reports, NRC aponsored con-
forerce proceedmgs, and NHC booklets and brochures. Also available are Regulatory
Guides. NRC regulatons in the Code of Federal thugulafens, and %ciser Anguiefory Corr >
messon issuances

Documents avadable frorn the National TechncalInformation Servce include NUREG seres
reports and techncal reports prepared by other federal agences and reports prepared by
the Atome Energy Commission, forerunner agency to the Nuclear Regulatory Commesson.

Documents available from pubhc and spacel technmal libranes include ad open beerature
items, such as books, purnal and penodcal articles, and transactions. Federaf Angssfer
nottes, federal and state legislahon, and congressonal reports can usua#y be obtamed ,

from these hbrarms,

Documents such as theses, essertations, foreign reports and transiaa, and nonMIC
conference proceedmgs are avadable for purchase from the orgeruzation sponsoring the
pubhcaten cded

Segle copes of NRC draft reports are available free, to the extent of supply, upon wntten
request to the Division of Tec*wucal Information and Document Control U.S. Nuclear Regu-
latory Comnusson, Washmoton, DC 20555.

Copes of industry codes and standards used m a substantive manner in the NRC regula-
tory process are mamtamed at the NRC Ubrary, 7920 Norfolk Avenue, Betheeda, Mary-
land, and are available there for reference use by the public. Codes tnd standards are
usua#y copynghted and may be purchased from the ongmatmg orgeru2st.on or, if they are
Amercan National Standards, from the Amercan National Standards keute,1430 Broad-
way, New York, NY 10018

Notice

This report was prepared as an account of work sponsored by an agency of the Unned
States Government. Neither the United States Government nor any agency thereof, nor
any of thee employees, makes any warranty, express or impled, or assumes any legal ha-
bdity or responsibebty for the accuracy, completeness, or usefulness of any information,'

#apparatus, product, or process disclosed, or represents that its use would not ininnge
privately owned rights. Reference herem to any specdc commercel product, proceae, or
sennce by trade name, trademark, manufacturer, or otherwise, does not necessar#y con-
stitute or empty its endorsement, recommendation, or favoring by the United States Govern- ,

ment or any agency therer.f. The vows and opmeons of authors expressed herem do not
necessarty state or reflect those of the United States Government or any agency thereof.

~ ~

hp. _ 3 ... . ._...._.mi.m.._..



NUREG/CR-3814
ORNL/TM-9166

c. Dist. Category R5

.

Operations Division

DETERMINATION CF DAMAGE EXPOSURE PARAMETER VALUES IN THE
PSF METALLURGICAL IRRADIATION EXPERIMENT *

.

F. W. Stallmann

Manuscript Completed - May 10, 1984

Date Published - October 1984

.

.

* Prepared for the

U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research

Washington, D.C. 20555
under Interagency Agreements DOE 40-551-75 and 40-552-75

NRC FIN No. B0415

4

Prepared by the
Oak Ridge National Laboratory

*~ Oak Ridge, Tennessee 37831
operated by

Martin Marietta Energy Systems, Inc.
,

for the

U.S. DEPARTMENT OF' ENERGY
under Contract No. DE-AC05-840R21400

- - _



: ii

ACKNOWLEDGEMENTS
.

The author wishes to express appreciation to R. E. Maerker for
providing the transport calculation including variance-covariance -

- matrices and to L. S. Kellogg and E.'P. Lippincott from HEDL for the
dosimetry data. C. A. Baldwin made the cosine fits and prepared the
resulting graphs and tables. Last, but not least, thanks to Brenda
Taylor for doing a tremendous job in relieving me of all the tedious
and unrewarding details, starting from the preparation of input files
for the computer to the final assembly of the manuscript.

.

.

t

@

e

. . , - _- - - - . - ~ -



.- ._ .. -. .

...
ttt

TABLE OF CONTENTS

- ..-
,

1

Page
.

ACKNOWLEDGEMENTS . . . . . . . ff..... . . . . . . . . . . . . . .

,

FIGURE LIST p. . . . . . .-. .. . . . . . . . . . . . . . . . . . .

TABLE LIST . vii. . . . . . . . . . .... . . . . . . . . . . . . . .

INTRODUCTION . 1. . . . . . . .. .... . . . . . . . . . . . . . .

DATA AND PROCEDURES 1. . . . .. ....... . . . . . . . . . . .

Determination of Gradients 3...... . . . . . . . . . . . .

Determination of Uncertainties 5. . . . . . . . . . . . . . . .

CONCLUSIONS 5. . . . . . . . .. ........ . . . . . . . . . .

REFERENCES . 5. . . . . . . . .. .... . . . . . . . . . . . . . .
,

' APPENDIX . A-1'

. . . . . . . . . . ........ . . . . . . . . . . .

.

1

4

>

I e

.

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



., . ___

v

FIGURE LIST
.

Page
..

1. View of the PSF facility 7.. . ................

2. Illustration of dosimeter and metallurgical specimen
locations in the irradiation capsule 8.............

3. Geordinate system for the ORR-PSF
metallurgical experiment 9.. . ................

4. Methodology for the determination
of exposure parameter values and uncertainties 10........

5. Cosine fit of the 54Fe(n,p) reaction along the
gradient wire positioned at the left rear row
of Charpy specimens in the 1/4 T capsule ........... . 11

6. Cosine fit of dpa determined from the gradient
'

sets H-16 to H-20 at the axial centerline of,
.

! the 1/4 T capsule . 12 I. .....................,

7. Cosine fit of dpa in the lateral direction
along the centerline of the 1/4 T capsule . 13..........,

.

9

'- - -
- -

_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. __.

.

vii

TABLE LIST
.

P, age,

.

1. Energy groups used for the LSL-M2 adjustment
procedure in the ORR-PSF metallurgical irradiation
experiment . 14. . . . . . . .. .................

2. Fluence perturbation due to water in the void box 15.......

3. Fluences and dpa at capsule centers 16.. ............

4. Cosine fit to.the gradient wires . 17...............

5. Fitting parameters for formula (1) . . . 18............

6. Coordinates of the locations of the metallurgical
specimens relative to the capsule centec . 20...... .....

7. Damage parameter values at the locations of
metallurgical specimens - capsule SSC1 . . 22.. .... .....

*
8. Damage parameter values at the locations of

metallurgical specimens - capsule SSC2 . . . . . . . . . . . . . 23

*

9. Damage parameter values at the locations of
metallurgical specimens - SPV-capsule 0-T 24...... .....

10. Damage parameter values at the locations of
metallurgical specimens - SPV-capsule 1/4 T 25..... .....

11. Damage parameter values at the locations of
metallurgical specimens - SPV-capsule 1/2 T 26.. ... .....

12. Average and extreme values of damage parameters
for different sets of Charpy specimen 27..... ........

A.1 Reaction probabilities estimated with LSL-M2 . . . . . . . . . . A-4

A.2 Irradiation time-history correction terms
for 239Pu burn-in . . . . . . . . . . . . . . . A-4. . . . ....

A.3 Correction terms for Pu burn-in at
different locations in the PSF . . . . . . . . . . . . . . . . . A-5

,

.

|

|
|

._ _ - -_ _ _ _ _



. . - , _. . .

<

4

6

DETERMINATION OF DAMAGE EXPOSURE PARAMETER VALUES IN THE~
PSF METALLURGICAL IRRADIATION EXPERIMENTr

.- INTRODUCTION

i

This report describes the neutron spectral characterization of the
metallurgical experiment in the Oak Ridge Research Reactor (ORR) Poolside

.

; Facility (PSF) pressure vessel simulation (PVS) configuration (Figs. 1
.

ILand 2).

Values for the damage exposure parameters 4t (4t = fluence) > 1.0 MeV,
i
I4t >.0.1 MeV, and displacements per atom (dpa) were estimated with uncer .

tainties for all locations of metallurgical specimens in the test assembly
in the ORR-PSF irradiation experiment. .In addition, maps of. reaction pro-

~

babilities were determined for all major threshold dosimetry reactions.in;

. order to test consistency of this. evaluation with dosimetry measurements'

| which were not included. The fluence maps can be expressed as cosine
functions in the axial (z) and lateral (x) direction and by an exponential-

!

attenuation perpendicular to the core (y) of the form:i

i

P(x,y,z) = P * cos Bx(x-x )cos B (z-z'o)e- A(Y~Yo) (1)o o g
,

where P(x,y,z) is the integral response in question (see Table 5). .The
coordinates are adapted from the system described in the ORR-PSF Blind

l was used followed by*

Test (see Fig. 3). The LSL-M2 adjustment procedure.

cosine fits of the adjusted integral parameters. The method is similar to1

the one described in NUREG/CR3333;10 for details see the flow diagram
(Fig. 4).

"

DATA AND PROCEDURES

|

The spectral fluence calculations by R. E. Maerker and B. A.'Worley :23
were used as the input spectra for the adjustment procedure. These spectra

j . are obtained as a three-dimensional synthesis of two-dimensional transport
calculations. Special attention was paid to the changing core configura-
tions during the two-year irradiation. This calculation contained only

: evergy groups above 0.1 MeV. The spectrum was extended to the epithermal
range (>0.4 eV) using the results of a one-dimensional ANISN calculation'

: of the same configuration fitted smoothly to the three-dimensional calcu-
lation. Two more thermal groups were added by extrapolating with'a 20*C~

Maxwellian spectrum. - One high-energy group (17.33-18 MeV) was also added
* extrapolating.with a Watt fission spectrum. These extrapolations are

needed to obtain correct calculated reaction rates from the ENDF/B-V dosi-
. metry' cross-section file, which extends from 10-4 eV to 18 MeV.

,

The calculated spectra with extensions were condensed to 37 energy
groups as input for the LSL-M2 adjustment procedure. The energy boun-+

daries are listed in Table-1.4

i

, _ , - ~, . . - - - - -. _ -. ,. ,
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The one-dimensional ANISN calculation was also used to determine the
amount of fluence perturbation resulting from a water leak which filled -

the void box capsule with water instead of gas. The ratios of fluences
water / void for 11 energy groups are listed in Table 2. No significant

perturbations are found in the capsules for energies above 0.1 MeV. The *

ANISN calculation for water was used for the input fluences at lower
energies.

Variances and covariances for the calulated spectra were based on
4 with some modifications reflecting the dif-calculations by R. E. Maerker

ferent energy-group structures. Simplified and somewhat more conservative
variance-covariance data were tried before Maerker's results became
available. The resulting damage parameter values differ by less than 2%,
indicating that the input variances are not critical.

-The dosimetry data were taken from the tables in the Blind Test
package, which was distributed February 17, 1984.2 The " gradient" (GS)
dosimetry sets H-1 to H-25, the " backbone" (BB) dosisetry sets HB1 to H10,
the HEDL surveillance non-fission sets (HSNF) in SSCL, and the gradient
wires along the Charpy specimens were used as input for the LSL procedure
(see Fig. 2). No other dosimeters were considered; the remaining dosi-
metry sensors either duplicated the above data or were widely scattered
across the metallurgical capsules, at locations where no spectrum calcula- ,

tions are available. Thus, the additional dosimetry is not likely to
improve the results of the adjustment procedure. However, the fluence map
obtained from the adjustment procedure can be used to test the remaining .

dosimetry for consistency.

The H-1 to H-25 capsules each contained a set of non-fission sensors

Ti(o,p)46Sc(n,Y)46 , 58Ni(n p)58Co, 54Fe(n.p)54Mn,
63Cu(n,a)o0Co, 46consisting of Sc

104Ag(n,Y)110Ag. The59 o(n,Y)o0Co, 58Fe(n,Y)59pe, 45 Sc,andC
109Ag(n,v) reaction was excluded because its cross section is not listed
in the ENDF/B-V dosimetry file, and three other non-threshold reactions
are available. The HB1 to HB10. capsules contained, in addition, the three

238 (n,f), 237Np(n,f), and 235 (n,f), with all sensorsfission sensors UU

encapsulated in gadolinium. The count rates published in Ref. 2 for all
sensors were converted to reaction probabilitie: eime integrated reaction
rates on the basis of the time power history of the irradiation taking
into account the difference in core leakage for the different core con-
figurations.2 Nuclear data were obtained from Ref. 5 and fission yields

from Ref. 6. There are slight differences between our evaluation of reac-
tion probabilities and Ref. 2 due to differences in nuclear data, none of
them significantly affecting the results of the adjustment procedure. The
reaction rate uncertainties were estimated to be 4% for non-fission and 8%
for fission reactions (one standard deviation). Averages were calculated .

whenever more than one reaction was measured at the same location or more
than one fission product for the same fission sensor. No photo-fission
corrections were made since the measurements and calculations for an iden- .

tical configuration in the Pool Critical Assembly (PCA) reactor shows
negligible effect of photo-fission.7

|
1

_ _ - _ - _ _ - _ _ _ _ -
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Group cross sections and covariances were obtained from the ENDF/8-V
_ dosimetry file as presented in the IRDF-83 file 8 through the PUFF 9 pro-,

cessing code.
ThefirstadgU(n,f) reaction.ustment runs showed strong inconsistencies

23which were traced to the Its uncertainties.were then
increased to 500%, resulting in ajustments of the 238 (n,f) reaction ratesU

.

.

in the order of 30 to 50% in the SSC2 and 0-T positions. [ Relative changes
are given as the natural logarithm of quotients of the two quantities,
e.g., 50% adjustment means | In (x dj/xorig.) | = 0.5; the same definition

,

a
applies to relative variances.] There were also large differences in

]reaction probabilities when calculated for the same sensor based on dif-
ferent fission products. These discrepancies can be explained as a con-
sequence of 239Pu " burn-in," that is the production of plutonium by_
neutron capture of 238 A detailed investigation of the effects is givenU

in the Appendix. Correction terms can be determined, but the uncertain-
ties in these corrections are very large so that no useful spectral infor-

238 (n,f) reaction at the SSC2 and 0-Tmation can be obtained from the U
locations.

The LSL-M2 metho'd allows both absolute and relative adjustments. In
the latter, only the shape of the calulated spectrum is used with an
unrestricted scale factor determined from the differences in magnitude
between dosimetry and calculation. Both were tried and no significant
difference in the results were found. This means that calculation agrees*

with the dosimetry equally well in terms of absolute fluences, as in terms
of the shape of the fluence spectrum. All results, which are reported
here, are based on absolute values of the fluence calculation. Values of

*

Chi-square per degree of freedom are in the order of 0.8, which indicates
a good consistency within the input data, and uncertainties that are some-
what on the conservative side. Values of the damage parameters at the
center gradient capsules with uncertainties are listed in Table 3. The
values of the total and thermal fluences are also included for complete-
ness.

Determination of Gradients

It.is possible, in theory, to determine damage parameter values or
any other integral responses at any point through a suitable adjustment
procedure, such as LSL-M2, even if no dosimeters are located at that posi-
tion. However, there are practical limitations to the-number of spectra
and dosimeter measurements which can be processed simultaneously. The
direct determination of damage parameters was, therefore, restricted.to
relatively few points, completing the map through suitable interpolation
and extrapolation procedures. Experience has shown that a cosine curve
describes fairly accurately the fluences along lines parallel to the core,
provided regions of boundary reflection are avoided and the peripheral*
core loading is sufficiently uniform. It is also reasonable to assume
that there is an exponential attenuation of fluences in directions perpen-
dicular to the reactor, at least for sufficiently small distances and not,

too close to boundaries between different materials.

._ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _
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Experience from this and 'other experiments with similar configurations
(Refs. 10 and 11) have shown that a combined cosine-exponential fit describes *

accurately the fluence distributions if the interpolation / extrapolation is
confined within the boundaries of each metallurgical capsule. A more

'

detailed discussion of the uncertainties is given below.

54Fe(n,p)The first step in the fitting procedure was to fit the
reaction probabilities of the gradient wires to a cosine function

P(z) = Pc cos B (z-zo) (2)z .

The measurements fit the cosine curve very well, as expected. The resi-
duals are consistent with measuring and positioning errors and appear to be
random. A typical example is given in Fig. 5. The two exceptions are the
right front of the 1/4T capsule and the right rear of the 1/2T capsule.
The data for these two wires are incomplete and appear to be mislabelled
since the parallel wire does not show any irregularity. The fitting para-
meters with standard deviations are listed in Table 4. Fits at the
center, which are explained below, are incleded'for comparison.

Ratios of the peak values of parallel gradient wires determine the
attenuation of 54Fe(n,p) reaction rates along lines perpendicular to the
core. There are no significant differences between the left and the right .

sides but definite changes from capsule to capsule. It was, therefore,
assumed that'one attenuation coefficient can be applied to all positions
within the same capsule but that each capsule has a different coefficient .

(for experimental confirmation of exponential attenuation, see Ref.11).
The attenuation coefficients for several other integral parameters (damage
parameters and threshold reaction rates) were determined by applying the
adjustment procedure to positions of the gradient wires and taking the
ratios of the adjusted parameter values (see Table 5).

The final lateral (x) and axial (z) cosine fits were made using
adjusted values at dosimeter locations along the centerlines, including
gradient wires for the x-direction. Typical fits are shown in Figs. 6 and
7. Typical uncertainties for these fits can be found in Table 4 for the

54Fe(n,p) fits. All other fitting parameters, both axial andcenter
lateral, have standard deviations of the same size, which are somewhat
larger than the standard deviations for the gradient wire fits since there
are fewer data points. There are no significant differences in the B andz
zo values between center and gradient wire fits within the same capsule,
but again, there are significant capsule-to-capsule variations. Thus, one
set of fitting parameters can be used within each capsule for a particular
integral parameter. Peak values P0 are also consistent for lateral and
axial fits. A complete list of fitting parameters is given in Table 5. .

Formula (1) with the parameters from Table 5 provides a complete map
of integral parameters, where each set of coefficients is valid within a -

given metallurgical capsule. Tables 7-11 list the damage parameter values
at the crack tips of every metallurgical specimen. These values were
calculated for the specimen coordinates in Table 6. Using the values in
Tables 7-11, average, maximum, and minimum values are determined for each
set of Charpy specimens from the same material and listed in Table 12.

.-_- --__ _ _- . __
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Determination of Uncertainties
i. .

. The LSL-M2 adjustment procedure provides variances and covariances
for all values of adjusted integral parameters. Typical values.are found

'E .in Table'3. .These values are. based on the uncertainties for the input
data, i.e., transport calculation, dosimetry measurements, and cross sec-
tions. For the specimen values in Tables 7-12, however, additional uncer-

L tainties are introduced through'the use of the' fitting-interpolation

i formula (1). These uncertainties are not the sameifor all locations'but
- depend on the distance of the . specimen from the center. The. uncertainties
for the attenuation coefficient A can 't. alculated directly to be about
3%/ca.. Typical uncertainties for the coefficients'of the cosine fits are

~

given in Table 4. This-translates to additional uncertainties ranging from
i _

zero at the center tx> about 5% at the corners of the capsule. All these

uncertainties are in themselves rather uncertain, and a more, detailed
assignment of uncertainties to individual specimens is, therefore,-rather
pointless. It suffices to say that none of the estimated standard-
deviation for damage parameters exceeds.10%. ,This should be sufficiently
accurate for damage correlation studies considering the large variability-
in metallurgical test results.

CONCLUSIONS.

t

Damage fluences received by the metallurgical specimens in the.

PSF-PVS experiment can be determined to an accuracy of better than 10%.
This is accomplished by combining neutron' physics calculations with dosi-
metry measurement in the multiple spectrum adjustment method LSL-M2. . The
spatial fluence distribution can be approximated by a cosine-exponential
fit which is accurate to better than 5% within each capsule. The same
procedure can be used to test the. consistency of' dosimetry measurements.
The accuracy of the spectral characterization is sufficient to establish
the PSF-PVS experiment as a benchmark as intended.
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Fig. 4. Methodology for the determination of exposure
parameter values and uncertainties.
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Table 1. Energy groups used for.the
LSL-M2 adjustment procedure in the ,

ORR-PSF metallurgical irradiation experiment

.

Group no. Upper energy boundary.
(eV)

1 1.800 E+7
.2 1.733 E+7

3 1.221 E+7
4 1.000 E+7
5 7.408 E+6
6 6.065 E+6
7 4.066 E+6
8 2.725 E+6
9 2.466 E+6

10 2.123 E+6
11. 1.827 E+6
12 1.496 E+6
13 1.353 E+6
14 1.003 E+6
15 8.209 E+5 .

16 6.081 E+5
17 3.020 E+5
18 1.832 E+5 .

19 9.804 E+4
20 8.652 E+4
21 6.738 E+4
22 4.087 E+4
23 3.431 E+4
24 2.606 E+4
25 2.418 E+4
26 2.188 E+4
27 1.503 E+4
28 1.171 E+4
29 7.102 E+3
30 5.531 E+3-

31 3.355 E+3
32 2.612 E+3
33 1.585 E+3
34 1.023 E+2
35 1.068 E+1
36 4.140 E-1
37 1.265 E-1 .

lowest energy 1.000 E-4

.

,



_ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _

15

Table 2. Fluence perturbation due to water in the void box
.

Upper energy Fluence ratio water / void
(eV) SSC 0-T 1/4T 1/2T 3/4T Void box-

1.7333 E+7 1.00 1.00 1.00 1.00 1.00 0.59
8.6071 E+6 1.00 1.00 1.00 1.00 1.00 0.53
4.9659 E+6 1.00 1.00 1.00 1.00 0.99 0.33
2.5924 E+6 1.00 1.00 1.00 1.00 0.98 0.23
2.1225 E+6 1.00 1.00 1.00 1.00 0.97 0.14
1.3534 E+6 1.00 1.00 1.00 0.99 0.95 0.06
7.4274 E+5 1.00 0.98 0.96 0.93 0.86 0.03
2.1280 E+5 1.00 0.97 0.94 0.89 0.80 0.03
6.7379 E+4 1.00 0.96 0.93 0.88 0.80 0.04
2.1875 E+4 1.00 0.97 0.94 0.88 0.79 0.06
3.3546 E+3 1.00 0.99 0.98 0.55 0.93 0.17

.

9

.
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Table 3. Fluences and dpa at capsule centers

Std. Std. Std. Std. Std.

& otal dev. dpa dev.
$>1.0 MeV dev. $>0.1 MeV dev. $<0.4 eV dev. t

1019 n/cm2* (g) 1019 n/cm2 (%) 1019 n/cm2 (%) 1019 n/cm2 (g) (10-2) (g)

SSCI

H-4 2.56 5.1% 7.74 5.8% 1.26 7.4% 14.20 5.8% 4.07 4.9%

SSC2

H-9 5.50 5.1% 16 . 84 5.8% 2.79 7.4% 30.55 5.5% 8.80 4.9%

0-T g
e

H-14 4.10 5.1% 12.26 5.8% 6.29 7.6% 27.66 5.8% 6.56 4.9%

1/4T

H-19 2.21 5.2% 8.98 6.0% 0. 84 7.9% 14.75 5.5% 4.13 5.2%

1/2T

H-24 1.05 5.4% 5.83 6.0% 0.27 8.3% 9.17 5.6% 2.39 5.4%

*1019 n/cm2 is 1919 neutrons /cm2, which was shortened for the table heading.
|

|

) . .. .
. .
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Table 4. Cosine fit to the gradient wires

.

Position Po* Bz Std. z0 Std.
dev. dev..

(cm-1) (cm-1) (cm) (cm)

SSC1 left front 1.30E-6 0.0424 +0.0009 0.43 +0.15
left rear 1.llE-6 0.0420 +0.0009 1.49 +0.11
right front 1.84E-6 0.0429 +0.0006 1.13 +0.11
right rear 1.13E-6 0.0449 +0.0010 1.10 +0.15
center 1.62E-6 0.0419 +0.0150 1,47 +0.03

0-T left front 3.08E-6 0.0377 +0.0026 1.29 +0.47
,

left rear 2.06E-6 0.0379 +0.0011 1.93 +0.20
right front 2.94E-6 0.0382 +0.0009 1.53 +0.16
right rear 1.96E-6 0.0374 +0.0010 1.80 +0.19
center 2. 8. : -i 0.0363 +0.0084 0.91 +0.02

1/4T left front 1.39E-6 0.0357 +0.0009 2.87 +0. 20
,

left rear 9.10E-7 0.0354 +0.0016 2.85 +0.38 "

right front 1.31E-6 0.0242 [,0,0080 -0.75 [2.40**
right rear 8.68E-7 0.0339 +0.0016 3.03 +0.38-

center 1. 24 E-6 0.0331 +0.0144 1.88 +0.04

1/2T left front 5.47E-7 0.0318 +0.0010 4.34 +0.29-

left rear 3.55E-7 0.0315 70.0011 4.61 70.34
right front 5. 21 E-7 0.0332 70.0008 2.93 70.20
right rear 3.39E-7 0.0203 [0.0079 1.30 [2.00**
center 4.78E-7 0.0307 +0.0169 4.27 +0.06

*PO " Peak value of the reaction probability of the 54Fe(n,p)S4Mn reac-
tion. Standard deviation is less than 2% in all cases.

** Incomplete and irregular data, possible mislabelling.

.

1

.

O
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Table 5. Fitting parameters for formula (1)
.

PO Bx K0 B 20 A y0z

(c -1) (cm) (cm-1) (cm) (cm-1) (cm)
'

SSC1

-4t>1.0 Mev* 2.500E+19 0.0499 0.41 0.0436 0.97 0.176 13.29

4t>0.1 MeV* 7.607E+19 0.0507 0.37 0.0464 0.80 0.134 13.29

dpa 3.995E-02- 0.0502 0.38 0.0449 0.90 0.156 13.29

237tip(n , f) 6.679E-05 0.0504 0.38 0.0449 0.89 0.152 13.29

93Nb(n,n') 5.598E-06 0.0497 0.41 0.0437 0.97 0.174 13. 29

238 (n,f) 8.763E-06 0.0493 0.41 0.0428 1.04 0.191 13.29U

58Ni(n,p) 2.212E-06 0.0471 0.41 0.0417 1.18 0.205 13.29

54 e(n,p) 1.622E-06 0.0467 0.42 0.0419 1.47 0.20; 13.29F

46Ti(n,p) 2.077E-07 0.0439 0.40 0.0406 1.31 0. 209 13.29

63 u(n,a) 1.091E-08 0.0417 0.38 0.0402 1.38 0. 20 2 13.29C

SEC2

4 t>1.0 Mev* 5.341E+19 0.0528 -0.95 0.0457 0.03 0.176 13.29 .

4t>0.1 MeV* 1.648E+20 0.0539 -0.88 0.0484 -0.02 0.134 13.29

dpa 8.580E-02 0.0533 -0.91 0.0470 0.02 0.156 13.29
*

237Np(n,f) 1.437E-04 0.0536 -0.90 0.0470 0.02 0.152 13.29
93Nb(n,n') 1.196E-05 0.0526 -0.94 0.0458 0.03 0.174 13.29
238Utn,f) 1.862E-05 0.0521 -0.97 0.0449 0.06 0.191 13.29
58Ni(n,p) 4.644E-06 0.0497 -1.08 0.0437 0.12 0.205 13.29-
54Fe(n,p) 3.407E-06 0.0483 -1.15 0.0415 0.63 0.207 13.29
46Ti(n,p) 4.309E-07 0.0467 -1.24 0.0426 0.20 0. 209 13.29
63 u(n,a) 2.252E-08 0.0449 -1.33 0.0421 0.24 0.20 2 13.29C

,

0-T

4t>1.0 MeV* 3.924E+19 0.0517 -0.69 0.0395 0.72 0.107 24.05

9 u0.1 MeV* 1.214E+20 0.0522 -0.64 0.0432 0.71 0.042 24.05

dpa 6.452E-02 0.0516 -0.67 0.0414 0.71 0.079 24.05
237Np(n,f) 1.055E-04 0.0523 -0.66 0.0416 0.69 0.071 24.05

93Nb(n n') 8.897E-06 0.0514 -0.69 0.0397 0.73 0.107 24.05
238 (n,f) 1.432E-05 0.0509 -0.72 0.0386 0.76' O.133 24.05U

58Ni(n,p) 3.796E-06 0.0488 -0.80 0.0366 0.89 0.169 24.05
,

54Fe(n,p) 2.805E-06 0.0482 -0.83 0.0363 0.91 0.174 24.05
46Ti(n,p) 3.987E-07 0.0467 -0.92 0.0354 0.97 0.186 24.05
63 u(n,a) 2.304E-08 0.0458 -0.96 0.0354 0.92 0.183 24.05

*

C

_ _ - _ _ _ - _ _
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-Table 5.- Continued
,

Po Bx xo B z0 A YO
.

.(cm-1) -(ca). (ca-1) (ca) (ca-1)- (ca)

1/4T

4t>1.0 MeV* 2.143E+19 0.0478 - 0. 96 0.0378 1.30 0.134 28.56

4t>0.1 MeV* 8.823E+19 0.0486 - 0.86 0.0425 . 1.14 0.070 28.56
dpa. 4.037E-02 0.0481 -0.91 0.0407 1.21 0.097 28.56
237Np(n,f) 6.650E-05 0.0483 -0.92 -0.0407 1.16 0.098 28.56
93Nb(n,n') 4.957E-06 0.0478 -0.95 0.0385 1.27 0.127 28.56
238 (n,f) 7.137E-06 0.0479 .-0.97 0.0366 1.41 0.153 28.56U

58Ni(n,p) 1.697E-06 0.0468 -1.06 0.0336 1.80 0.177 28.56
54Fe(n,p) 1. 237E-06 0.0460 -1.10 0.0331 1. 88' O.181 28.56
46Ti(n p) 1.714E 07 0.0462 -1.11 0.0318 2.08 0.187 28.56i

63 u(n,a) 1.018E-08 0.0463 -1.12 0.0321 2.01 0.181 28.56C

1/2T

$t>1.0 MeV* 1.016E+19 0.0441 -0.94 0.0349 1.94 0.146 33.70-

1 4t>0.1 MeV* 5.727E+19 0.0452 -0.79 0.0413 1.48 0.089 33.70
dpa 2.333E-02 0.0450 -0.83 0.0395 1.59 0.107 33.70,

237Np(n,f) 3.773E-05 0.0450 -0.84 0.0393 1.54 0.111 33.70-
93Nb(n,n') 2.468E-06 0.0443 -0.91 0.0365 1. 80 0.135 33.70
238 (n,f) 3.085E-06 0.0436 -1.00 0.0330 2.20 0.163 33.70U

58Ni(n,p) 6.588E-07 0.0423 -1.10 0.0281 3.38 0.183 33.70
54 e(n,p) 4.777E-07 0.0448 -0.98 0.0307 4.27 0.186 33.70-F

46Ti(n,p) 6.389E-08 0.0419 -1.20 0.0246 4.74 0.190 33.70-
63 u(n,a) 3.924E-09 0.0428 -1.16 0.0255 4.36 0.182 33.70C

2f- * Neutrons /cm ,

.

4

-

t
. . . . . .
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Table 6. Coordinates of the locations of the
metallurgical specimens relative to the capsule center ,

(all coordinates in cm)

'

(y-yo)b (y_yo)bz x x
No." (left) (right) ( front) (rear)

Charpy Specimens

1 12.20 -10.37 +10.37 -1.07 +1.07
2 11.20 -10.37 +10.37 -1.07 +1.07
3 10.20 -10.37 +10.37 -1.07 +1.07
4 9.20 -10.37 +10.37 -1.07 +1.07
5 8.20 -10.37 +10.37 -1.07 +1.07
6 -7.19 -10.37 +10.37 -1.07 +1.07
7 6.19 -10.37 +10.37 -1.07 +1.07
8 5.19 -10.37 +10.37 -1.07 +1.07
9 4.19 -10.37 +10.37 -1.07 +1.07

10 3.19 -10.37 +10.37 -1.07 +1.07
1! 2.19 -10.37 +10.37 -1.07 +1.07
12 1.19 -10.37 +10.37 -1.07 +1.07
13 0.19 -10.37 +10.37 -1.07 +1.07 '

14 -0.81 -10.37 +10.37 -1.07 +1.07
15 -1.81 -10.37 +10.37 -1.07 +1.07 .

16 -2.82 -10.37 +10.37 -1.07 +1.07
'

17 -3.82 -10.37 +10.37 -1.07 +1.07
18 -4.82 -10.37 +10.37 -1.07 +1.07
19 -5.82 -10.37 +10.37 -1.07 +1.07
20 -6.82 -10.37 +10.37 -1.07 +1.07
21 -7.82 -10.37 +10.37 -1.07 +1.07
22 -8.82 -10.37 +10.37 -1.07 +1.07
23 -9.82 -10.37 +10.37 -1.07 +1.07
24 -10.82 -10.37 +10.37 -1.07 +1.07
25 -11.82 -10.37 +10.37 -1.07 +1.07

! 1/2 CT Specimens
|

'
29 11.39 0.0 -0.64 +0.64
31Tc 8.22 0.0 -0.64 +0.64
31Bc 4.48 0.0 -0.64 +0.64
32T 1.87 0.0 -0.64 +0.64

; 32B -1.87 0.0 -0.64 +0.64
| 33T -4.48 0.0 -0.64 +0.64

'

| 338 -8.22 0.0 -0.64 +0.64
| 30 -11.39 0.0 -0.64 +0.64
|

|
'

,

_ . _ _ _ . __ __
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Table 6. Continued
.

z x
'

x.
.

(y-yo)b (y_yo)b
No.c (left) (right) (front) -(rear).

1 CT Specimens
~

34 .10.05 -4.57 0.0
38T -3.70 ' -4.57 0.0
38B -3.70 ' 4.57 0.0-

; 36. -10.05 -4.57 0.0
35 10.05 4.57 :0.0'

'39T 3.70 4.57 0.0
398- -3.70. 4.57 0.0

- 37 -10.05 .4.57 0.0
,

i

aFor numbers of specimens, refer to Fig. 2.
b or values of yo for different capsules, see Table 2.F

' c31T = specimen on top of hole 31.
318 = specimen below hole 31, etc.

,

.
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: I- Table 9. Damage parameter values at the locations of metallurgical' specimens - SPV-capsule 0-T

Fluence Fluence dpa Fluence Fluence dpa Fluence Fluence apa Fluence Fluence dpa
1 Net - (45TM)

>I9s/ce2 (10*2)> MeV ).1 MeV (4STM) S pee . Si MeV
10g9>I

(45TM) S pec .
10gMeVn/ cat (10-2) po.

1 MeV (esTM) S pe c .-
10g9 a/c.2>I9 a/ cat (10-2) yo.
> MeVS pec . >I MeV

m/ce2 1019 e/ cat (10-2) go, 1019 m/cm2 101 210 ' alem * 10No.

Charpy Specimen

Left Front night Freat Left tear .Right near

1 3.470 9.756 5.476 1 3.326 9.372 5.256 1 2. 760 0.918 4.625 1 2.646 8.% 7 - 4.439

2 3.534 9.975 5.588 2 3.387 9.582 5 .36 3 2 2.811 9.119 4.719 2 2.695 8.759 4.530

3 3.593 10.176 5.690 3 3.443 9.775 5.u2 3 2.858 9 .30 2 4.806 .3 2.739 8.935 4.613

4 3.646 10.357 5.783 4 3.494 9.949 5.551 4 2.900 9.468 4.884 4 2.780 9.095 4.688

5 3.693 10.520 5.866 5 3. %0 10.105 5.630 5 2.938 9.616 4.954 5' 2.816 9.237 4 . 755

6 3.734 10.4 2 5.939 6 3.579 10.242 5.700 6 2.971 9.747 5.016 6 2.847 9.363 4.814

7 3.770 10.785 6.001 7 3.614 10.360 5.760 7 2.999 9.859 5.069 7 2.875 9.470 4.865

8 3.800 10.887 6.054 8. 3.642 10.458 5.810 8 3.023 9.952 5.113 - 8 2.897 9.%0 4.907

9 3.824 10.969 6.096 9 3.45 10.537 5.851 9 3.042 10.027 5.148 9 2.916 9.632 4.94

10 3.842 11.031 6.127 10 3.682 10.596 5.861 to 3.0% 10.084 5.175 10 2.929 9.686 4.967

11 3.853 !!.072 6.148 !! 3.693 10.636 5.901 Il 3.065 10.121 5.192 11 2.938 9.722 4.984

12 3.859 11.092 .6.858 12 3.699 10.655 5.911 12 3.070 10.140 5.208 12 2 %3 9.740 4.992

13 3.859 !!.092 6.158 13 3.699 10.655 5.910 13 3.070 10.139 5.201 13 2.942 9. 74 0 4.992

14 3.853 11.073 6.347 le 3.693 10.634 5.900 le 3.065 10.120 5.192 le 2.938 9.721 4.983

15 3.841 11.029 6.126 15 3.681 10.594 5.880 15 3.055 10.082 5.174 15 2.928 9.684 4.966 N
16 3.822 10. % 6 6.094 16 3.664 10.534 5.849 16 3.041 10.024 5.147 16 2.914 9.630 4.%0
17 3.798 10.883 6.052 17 3.640 10.454 5.808 17 3.022 9.949 5.111 17 2.896 9.557 4.906

18 3. 76 8 10.780 5.999 18 3.612 10.355 5.758 18 2.998 9.854 5.067 18 2.873 9.46: 4.863
19 3. 732 30.6 % 5.936 19 3.577 10.237 5.697 19 2.%9 9.741 5.013 19 2.846 9.357 4.812

20 3.690 10.512 5.863 20 3.537 10.099 5.627 20 2.936 9.610 4.951 20 2.814 9.238 4 .75 3

21 3.642 10.350 5.779 21 3.491 9.942 5.54 7 21 2.898 9.461 4.881 21 2.777 9.088 4.685

22 3.589 10.167 5.686 22 3.440 9.767 5.458 22 2.855 9.29 4 4.802 2: 2.737 8.928 4.609
23 3.530 9.966 5.583 23 3.384 9.573 5.359 23 2.808 9.110 4 .715 23 2.692 8 . 75 1 4.526
24 3.46 9.746 5.478 24 3.322 9.36 2 5.251 24 2.75 7 8.909 4.620 24 2.644 8.558 4.435

25 3.396 9.508 5.349 25 3.255 9.333 5.1 % 25 2.701 8.691 4.517 25 2.589 8.349 4.336

1/2 CT Specinea 1 CT Specimen

Front near Left night

F23-la * 830 11.158 6.128 F23-393 3.343 10.578 5.543 F23-15e 3.587 10.931 5.855 F23-273 3.526 10.755 5. 759

F23-5a 4.015 18.812 6.455 F23-433 3.504 11.198 5.839 F23-193 3.819 11.786 6.273 F23-la 3.754 11.596 - 6.870
F23-113 4.151 12.2 % 6.697 F23-51R 3.624 18.657 6.058 F23-23t 3.787 11.670' 6.217 3FS-10 3.722 11.482 6.114

F23-218 4.193 12.446 6.772 F23-593 3.660 !!.799 6.126 3FS-9 3.503 10.625 5.735 3FS-15 3.443 10.453 5.611

F23-31R 4.175 12.384 6. 741 F23-673 3.645 11.741 6.093
3PU-2 4.109 12.149 6.624 3FU-18 3.587 11.518 5.991
3FU-10 3.938 11.546 6.322 3FU-14 3.438 10. % 6 5. 719

3FU-26 3.726 10.797 5.%7 3ru-34 3.253 10.236 5.379

2*peutroas per cm ,

. . . . . .
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Table 12. Average and extreme values of damage-parameters for
different sets of Charpy specimens,

Fluence > 1.0 MeV Fluence > 0.1 MeV dpa
'

(1019 n/cm2) (1019 n/cm2) (10-2)

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max.

A302-B Plate ;

SSC1 2.51 2.59 2.65 7. 25 7.48 7.67 3.92 4.04 4.14
SSC2 5.14 5.41 5.66 15.02 15.82 16.57 8.05 8.47 8.87
0-T 3.58 3.73 3.86 10.24 10.72 11.09 5.70 5.96 6.16
1/4T 2.04 2.15 2.23 7.77 8.21 8.51 3.68 3.88 4.02-
1/2T 1.00 1.05 1.09 5.27 5.53 5.72 2.19 2.30 2.38

A533-B Plate

SSC1 2.20 2.35 2.50 6.26 6.73 7.20 3.41 3.65 3.89
SSC2 4.57 4.97 5.39 13.15 14.41 15.69 7.10 7.75 8.42
0-T 3.25 3.47 3.69 9.13 9.82 10.51 5.13 5.50 5.86
1/4T 1.86 1.99 2.12 6.93 7.47 8.03 3.31 3.56 3.81
1/2T 0.92 0.98 1.04 4.70 5.04 5.38 1.98 2.11 2.25

*

22NiMoCr37 Forging

SSC1 1.51 1.64 1.76 4.70 5.14 5.57 2.44 2.66 2.87
SSC2 3.13 3.44 3.79 9.87 10.93 12.12 5.08 5.61 6.19-

0-T 2.59 2.80 3.00 8.35 9.12 9.85 4 . 34 4.71 5.07
1/4T 1.40 1.51 1.63 5.96 6.51 7.09 2.69 2.92 3.17
1/2T 0.68 0.73 0.77 3.89 4.23 4.57 1.57 1.70 1.83

A508-3 Forging

SSC1 1.74 1,79 1.82 5.51 5.67 5.76 2. 84 2.92 2.97
SSC2 3.60 3.72 3.89 11.54 11.92 12.45 5.89 6.09 6.36
0-T 2.90 2.97 3.07 9.56 9.82 10.14 4.91 5.04 5.20
1/4T 1.56 1.61 1.67 6.84 7.06 7.30 3.05 3.15 3.26
1/2T 0.75 0.77 0.79 4.45 4.58 4.72 1.78 1.83 1.89

Submerged Arc Weld (EC)

SSC1 1.64 1.73 1.80 5.11 5.44 5.69 2.65 2.81 2.93 |
SSC2 3.27 3.57 3.82 10.33 11.34 12.20 5.32 5.81 6.24
0-T 2.74 2.90 3.04 8.93 9.53 10.03 4.61 4.91 5.15 )
1/4T 1.50 1.59 1.66 6.49 6.91 7.27 2.91 3.09 3.25
1/2T 0.73 0.76 0.79 4.27 4.50 4.70 1.72 1.81 1.88

*
Submerged Arc Weld (R)

SSC1 2.34 2.47 2.58 6.65 7.07 7.44 3.62 3.83 4.02
SSC2 4.65 5.06 5.44 13.38 14.64 15. 84 7. 23 7.89 8.50-

0-T 3.39 3.59 3.77 9.58 10.21 10.78 5.36 5.69 6.00
1/4T 1.97 2.08 2.19 7.40 7.87 8.32 3.52 3.74 3.94
1/2T 0.99 1.03 1.07 5.08 5.33 5.61 2.13 2.23 2.34
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APPENDIX: |

.

CALCULATION OF CORRECTIONS FOR 239Pu " BURN-IN"
IN THE, 238 (n,f) FISSION RATE -U

'

.

Neutron fluence determination through measurement of fission products
i of 238U detectors becomes unreliable for high fluences at low neutron ener-

gies due to the production and subsequent fission of 239 u. The plutonf.umP

is produced through disintegration of

23.54 min 2.355 d
239g > 239Np > 239 uP,

238 (n,y)239U reaction. The process can'beof the_2390 generated by the Ut

described by a system of differential equations for the quantities qx.
which. are the number of 'nuclides of isotope x with time t as the indepen-
dent variable. The parameters of the differential equations are the reac-
tion rates r and the decay constants, which govern the transmutation fromx
one nuclide to another. The reaction rates describe the rate of transmu--
tation in a given neutron field

rx=p (E) o (E)dE ( A. l_ )
*

x

where p is the power level of the reactor, 4(E) the fluence . rate'

' per unit power at energy E, and o (E) the reaction cross sectionx
at thi. anergy. Specifically, we define

238 (n,f)F.P.r1 = reaction rate U

238 (n,y)239gr2 = reaction rate U

239 u(n,f)F.P. (A.2)-r3 = reaction rate P

Further, let A be the decay rate of the given . fission product (F.P.) and p
be the rate of transmutation from 239g to 239 u. To simplify matters, weP

239
~

disregard the conversion to Np considering it as instanteneous. We
also disregar/ burnout; the total burnout is not more than 1% for 239Pu-
fission and much less for all other reactions.

The quantities qx are defined _as follows:
i

qi = amount of 238g
2390 (or 239Np)q2 = amount of

{., q3 = amount of 239Pu

q4 = amount of fission pte:!uct (F.P.) (A.3).

! With these definitions and simplifications, we have the following system
.

.

: of differential equations:

i

- . - - _ . , - , . . . . -- - . . ,. -- . - - - - . - --
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il=0(-rgql-r2q2)

52 " U92 + r291 .

q3 = pq2 (-r393)
(14 " -A94 + rtqi + r3q3 (A.4)

,

The dot means, as usual, the time derivative; the neglected burnout terms
are added in parentheses.

.We consider a time interval from t to t + At.. The (constant) power
level during this interval is Pt, so that ex " Pto , with px the reaction- x
rate per unit power, i.e., the integral in formula (A.1). Thus , Pt = 0
during reactor shutdown.

Assuming qg(t) = 1, the solution of the differential equation yields

q1(t.+ At-) = qt(t) = 1 (= constant)
1 - e-pat

q 2( t + At') = q 2( t)e- A t + p Ptat2

1

1_ e-pati/
Atq3(t + At) = q3(t) + q2(t) (1 - e-pat) + . p pt3

1 - e-AAt
q4(t + At) = q4(t)e-Aat + p ptatg ,

_

I I - e-Aat e pat - e-AAth
P Ptat q3(t) 1 - e-Aot + q2(t)

_
,

-

+ 3

II - e-AAt , e pat - e-AAth_-
~

e-AAt + Aat - 1 1
-

}IO Ptat -
+ 2 (AAt)2 pat ( Aat (A-p)At l. (A.5)_

Repeated application of this formula leads to the determination of the
an.ount of fission product q4 at the end of an irradiation experiment,
t = t nd, that extends over several periods of reactor operation at dif-e
ferent power levels separated by reactor shutdowns.

Starting with q2(0) = q3(0) = q4(0) = 0, the final cmount _at t = tende
q4(tend), consists of two independent components, one from the fission of
238U that is proportional to pg, and the other from the fission of 239 u,F

proportional to the product 0 *03 Defining the total reaction probabil-2
ity of the reaction as

Rx " 0x ZPt at (A.6),

.

we can. express the final amount q4 as

(A.7)94(t nd) = R CI1+RRC232
-

e

_ _ _ _ _ _ _ _
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- where the factors C1 and C2 depend only: on the power-time history of the -
6 irradiation experiment and can be calculated from formula (A.5).

' Formula (7) can be written as
'

_2)Ij1+RR C2394(tend) = R CI1
C ;|-R1 1 (A.8)(

so that

Pu . R R
C-23 -2C

R1 C1 -(A.9)

represents the correction ters'which must be applied to the fission rate
determination based on 2380 fission alone. Table A.1 lists the values of
R R /R1 for different locations estimated from the adjustment procedure,| 23
and Table A.2 lists the ratios, C /C , for the different irradiation[- 2 1
histories of SSC1, SSC2, and SPVC and different fission products.i

Uncertainties for R R /R1 are about 22%; the uncertainties for C /C1 are23 2
, primarily due to fission yield uncertainties in the order of 2-3%. Table
I A.3 compares- the correction terms determined from the differences between
[ measurements of fission products in the 238U detectors and the LSL-M2
| estimates of the 238U fission probability with the correction terms calcu-

,

lated from formula (9). The corrections from formula (A.9) do not contain
corrections for self-shielding and are, therefore, consistently too large.
inspection of the ratios "(1)/(2)" in Table A.3, for the SSC2 and 0-T,

positions, suggest a self-shielding factor of about 30%. The reaaining

| discrepancies, including correction terms in the SSC1, 1/4T, and 1/2T
positions, are less than 10% relative to the measurements and are in line
with the measurement uncertainties of the other fission detectors.

Thus, Pu burn-in explains, at least qualitatively, the 238U fission
product measurement, including apparent discrepancies between measurements
for different fission products. However, there are large uncertainties

68 (n,f) detectors are ofconnected with the correction terms so that th, U

questionable value for high-fluence applications (epithermal fluence >-
1019 neutrons /cm2 per unit lethargy).

.

6

9
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Table A.I. Reaction probabilities estimated with LSL-M2
.

238 (n,Y)*239 u(n,f)U P

238 (n,f)239 u(n,f)238 (n,Y) *238 (n,f) UPUU

SSC1

HB3 8.49 E-6 8.18 E-4 4.64 E-3 . 0.45-
HB4 8.62 E-6 7.97 E-4 4.53 E-3 0.42

SSC2

HB5 1.84 E-5 1.69 E-3 1.08 E-2 0.99
_HB6- 1.80 E-5 1.64 E-3 1.04 E-2 0.94

0-T
,

HB1 1.42 E-5 1.62 E-3 1.02 E-2 1.16
HB2 1.40 E-5 1.59 E-3 1.00 E-2 1.14

1/4T

HB7 7.05 E-6 7.10 E-4 4.70 E-3 0.47
'

HB8 6.97 E-6 6.69 E-4 4.44 E-3 0.43

1/2T ,

HB9 3.06 E-6 3.38 E-4 1.94 E-3 0.21
HB10 3.04 E-6 3.42 E-4 1.96 E-3 0.22

239 u burn-inTable A.2. Irradiation time-history correction terms for P

Time-history terms
Fission yield (including fission yield)

pg,,g,,

product 238g 239 u Pu/U SSC1 SSC2 SPVCP

(%) (%)

95 r 5.17 4.72 0.91 0.45 0.52 0.80Z

103 u 6.33 6.87 1.09 0.56 0.69 1.00R .

137 s 5.97 6.50 1.09 0.48 0.51- 0.54C
.

140 a 5.a4 5.29 0.89 0.59 0.72 0.87B

_ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _
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-Table A.3. Correction' terms for Pu burn-in at
different locations is the PSF-.

Fission product LSL-M2-

95 r 102 u 137 s 140Ba- estimateZ R C

SSC1

HB3 Measurements * 9.06 9.48 9.34 9.09 8.49

Correction terms:
(1) Measurements vs. LSL-M2 0.067 0.117 0.099 0.071
(2) 239 u burn-in 0.203 0.252 0.216 0. 266P

Ratio (1)/(2) 0.33 0.46 0.46 0.27

HB4 Measurements * 8.85 9.27 9.16 8.80 8.62

Correction terms:
(1) Measurements vs. LSL-M2 0.027 0.075 0 .06 2 0.021
(2) 239 u burn-in 0.189 0.235 0.202 0 . 24 8P

Ratio (1)/(2) 0.14 0.32 0.31 0.08
.

SSC2
-

HB5 Measurements * 25 .38 28.02 26.33 18.42*

/ Correction terms:
(1) Measurements vs. LSL-M2 0.378 0.521 0.429
(2) 239 u burn-in 0.515 0.683 0.505P

Ratio (1)/(2) 0.73 0.76 0.85

HB6 Measurements * 23.56 25.36 24.50 17.96

Correction terms:
(1) Measurements vs. LSL-M2 0.312 0.412 0.364
(2) 239 u burn-in 0.519 0.649 0.479P

Ratio (1)/(2) 0.62 0.63 0.76

0-T

HB1 Measurements * 23.05 26.29 22.13 14.18

Correction terms:
(1) Measurements vs. LSL-M2 0.626 0.854 0.561
(2) 239Pu burn-in 0.928 1.160 0.627

*

Ratio (1)/(2) 0.67 0.74 0.89
.-

. _ . _ _ _ _ _ _ _ _ _ _ _ _
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Table A.3.: Continued
.

Fission product LSLHM2

140137Cs95 r 102Ru Ba estimateZ ..

HB2 Measurements *- 21.77 24.56 20 . 84 14.03

Correction terms:
(1) Measurements vs. LSL-M2 0.552 0.751 0.485
(2) 239Pu burn-in 0.912 1.140 0.616
Ratio (1)/(2) 0.61 0.66 0.79

1/4T

HB7 Measurements * 8.05 8.77 8.90 7.05

Correction terms:
(1) Measurements vs. LSL-M2 0.142 0. 244 0. 26 2

(2) 239 u burn-in 0.376 0.470 0 . 254P

Ratio (1)/(2) 0.38 0.52 1.03

HB8 Measurements * 7.35 8.20 7.77 6.97
.

Correction terms:
(1) Measurements vs. LSL-M2 0.054 0.176 0.115

*

(2) 239 u burn-in 0.344 0.430 0.232P '
Ratio (1)/(2) 0.16 0.41 0.50

1/2T

HB9 Measurements * 3. 23 3.27 3.38 3.06

Correction terms:
(1) Measurements vs. LSL-M2 0.056 0 .06 8 0.104
(2) 239Pu burn-in 0.168 1.210 0.113
Ratio (1)/(2) 0.J3 0.32 0.92

HB10 Measurements * 3.00 3 . 24 3.35 3.04

Correction terms:
(1) Measurements vs. LSL-M2 -0.013 0.066 0.102
(2) 239 u burn-in 0.176 1.220 0.119P

0.30 0.86Ratio (1)/(2) ----

*238U fission probability determined from fission product counting bu*. -

not corrected for Pu burn-in (*10-6),
..

_ _ _ _ _
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