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ABSTRACT

A review of the various methodologies used by industries and research
institutes for reactor pressure vessel (RPV) fluence determication shows
that most organizations employ an analysis sequence consisting of three
steps. These include trensport calculations, drsimetry measucements, and
a statistical procedure to combine the calculations and measurements to
arrive at a fluence value which has & smaller uncertainty than the original
calculations, An accurate determination of damage fluence accumulated by
the RPV as a function of space and time is essential in order to ensure
the vessel integrity for both pressurized thermal shock transients and
end-of-life considerations, The desired accuracy for neutron exposure
parameters such as displacements per atom or neutron fluence (E > 1.0 MeV)
is of the order of £10% to ¢15% (l0).* These types of accuracies can only
be obtained realistically by validation of the entire analysis sequence is
benchaark experiments, This report identifies a standardized procedure
based on benchmarked calculations, data, and dosimetry measurements, which
could be used by organizations performing RPV fluence determinations.
Another purpose of this report is to provide supporting documentation for
any proposed regulatory guide on this subject,

*ASTM 3tandard E706-84, "Master Matrix for Light Water Reactor Pressure
Vessel Surveillance Standards," 1987 Annual Book of Stundards, Section 12,
Volume 12,02, American Society for Testing and Materials, Philadelphia,
PA, 1987,

ix



1. INTRODUCTION

Pressurs vessel survei.lance capsules historically have been incorporated
into the design of power reactors because of the need to continuously
monitor the accumulation of neutron fluence at critical pressure vessel
locations during reactor operation.!™® The capsules, usually placed in
the downcomer region, contain both metallurgical specimens of correlated
material used in the weldments and plate of the reactor pressure vessel
(RPV) as well as dosimetry foils, Analysis of the sequential extraction
of these surveillance capsules necessitates the use of two dissimilar
technical disciplines., First, the measured foil activities are combined
with the results of a neutron transport calculaticn to infer fluence rates
at both the dosimeter Jocation and at the critical pressure vessel loca-
tions, Projected f'.inces based on this analysis provide a progressively
updated estimate for the remaining reactor operation time until some spec-
ified limiting criterion (e.g., ORTypr @t the critical RPV lo:ations) is
reached, Secoud, analysis using fracture mechanics techniques g! the
spec‘mens and/or use of specifications in Regulatory Guide 1.99° allows
direct estimates to be made of the state of radiation damage to the
RPV-type material., Since the capsule is usi..'ly located at a position of
higher fluence than that in the pressure vessel, the metallurgical speci-
men damage is accelerated relative to that in the pressure vessel, and
there thus exists a safety factor ("lead factor") inherent in the sur-
veillance method,

There are two types of RPV critical locations in vhich radiation-weakened
fracture tunghness is a concern. The first type is located near the

ragion of meximum fluence at a depth into the RPV of approximately one-
quarter (1/4-T) the pressure vessel thickneas, and its accumulated fluence
generally determines the "nominal lifet.me" of the RPV. The second type
appears only in certain Pressurized Water Reactors (PWRs) and are located
near the inner surface of the pressure vessel (0-T) at a longitudinal or
circumferential weld containing appreciable copper oi nickel, near che
4zimuth of maximum fluence, At these locations, the RPV nominal lifetime
may be severely shortened by further limitations placed on the maximum
allowable nil-ductility transition temperature placed on these welds, which
generally increases with accumulated fluence. The nominal end-of-1ife
determining locations are situated in the vicirity of the reactor midplane,
wnereas the locations sensitive to pressurized thermal shock (PTS) phenom-
ena may be situated at considerable distances above or below the midplann,

This report discusses a three-step viealure vessel fluence determination
analysis procedure which addre.ses:

I. transport calculations to compute the fluence spectra at surveillance
locations and a® rritical locations throughout the RPY,

2. dosimetry measurements to deteimine reaction rates at surveillance
locations and/or ex-vessel cavity locations, and

3. consolidation of measurements and calculations to reduce uncertainties
of the neutron exposure paramefrers at the critical locations.



Its purpose is to revice iv (stail the current methodology used for RPV
fluence ~alculationd and to describe recently developed techniques which
could improve upun the accuracy of the precent method in some instances,
especially fur ex*»24:q lifetime operation in which cavity dosimetry will
play a wa;0 =2lei Thire are currently no standardized procedures which
must be followed Ly organization performing RPv fluence calculations and,
hence, the wuciear Regulatory coww’'ssion (NRC) must assess the quality of
the different analyses ~ach time a surveillance capsule is analyzed.
Variations in techniaues aud rigor can lead te variations in the accuracy
of the estimated RPV tluence obtained by differeat organizations., Another
purnose of the paper is to ideatify standardized, benchmarked methods and
data which could %> usad by all organizations performing RPV transport
calculations. In this way, quality assurance can be established, The
report summarizes wie presant methodology of transport calculations in
Section 2, and discussee 1ts limitations in Section 3. Potential improve-
ments and extensions ir the mathods for performing RPV calculations are
described in Section 4. Conclusions and recommendations are presented in
Sectinn 5.



2., CURRENT METHODOLOGY

2.1 OVERVIEW

A more or less concensus methodology evolved during the late 1970s and
early 1980s for performing RPV fluence calculations in the U,S.

Although different organizations may employ variations, the general
approach is similar and will be called the "current methodology" in this
report. This methodology has been applied to the analysis of many dif-
ferent power reactors and has, in fact, been quite successful, when used
in conjunction with in-vessel surveillance dosimetry, in providing
reliable estimates for RPV fluence in currently operating plants, 1In
this section, the current methodology which forms the basis for RPV
fluence analysis in the U.S. today is reviewed and a sample application
of the techniques is presented.

The current methodology for RPV fluence determination is based on com-
bining results of transport calculations with measured dosimeter activi-
ties, usually taken from the surveillance capsules located inside of the
pressure vessel, The transport calculations provide two crucial sets of
data in the overall analysis: (1) spectrum-weighted, effective dosi~-
meter cross sections and (2) lead factors for various points in the RPV.

The calculated one-group effective cross sections [see Eq. (2.2) for
precise definition) for different dosimeters are divided into trhe
respective measured reaction rates (obtained from saturated ectivities)
in order to obtain the one-group flux greater than i MeV at the capsule
location. The corresponding {lux at various dept“s into the RPV is then
obtained by dividing the capsule flux by the appropriate lead factors,

Note that both the effective cross sections and lead factors depend only
on ratios of computed results so that absolute calculations are not
required - the measured dosimeter activities provide the appropriate flux
normalization, The insensitivity of the final results to the absolute
calculated activities is both an advantage and disadvantage. The advan-
tage is that results are less sensitive to calculational approximations,
The disadvantages are that inconsistancies and uncertainties in the calcu-
lations are sometimes not apparent if the absolute agreement between com-
puted and measured resultc is not examined, and that the experimental
dosimeter measurements exclusively provide the normalization of the
fluence estimate,

In Section 2.2, the mathematical expressionr used in the current metho-
dologies for RPV fluence determination are sresented. 1In the following
three sections, an actual RPV analysis study based on this methodology
for a sample U,S. reactor is described,



2,2 EQUATIONS AND DEFINITIONS

In this section, the expressions used in the current methodology for KPV
fluence determination are presented. The activity at time-of-removal
(TOR) is defined to be the activity in some dosimeter "m" when it is
removed from the reactor. This activity is presently computed from tue
approximate expression:

ATor = NoY °“(s)¢(n)dsipj(x-r’m‘j)e-“”-tj) ' (2.1)
"

where A?og

product nuclide activity (Bq) in dosimeter "m" at time of
removal (TOR),

c™(E) = energy-dependent activation cross section (em?) for
dosimeter m,

$(E) = energy-dependent fluence rate [n/(cm?+s*ev)] at surveil-
lance location, calculated for full power using some
representative, time-independent core source distribution
that i typical of the fuel loading,

Y = product nuclide per reaction (fission yield),

= decay constant of the product nuclide (d=1) in dosimetar m,

P; = fraction of full power during operating period j,

T; = length of time (d) for irradiation interval j,

T = time (d) from beginning of irradiation to time of removal,

t; = elapsed time (d) from beginning of irradiation to end of
interval j,

N, = number of target atoms in dosimeter, and
J = number of irradiation intervals.

Also the effective one-group cioss section for dosimeter m is defined
relative to an energy threshold E;:

A .[cm(E)ME)dE

g, = -
f $(E)dE
Et

) (2.2)




where th = effective spectrum-averaged cross section,

.jr #(E)dE = fluenc» rate for neutrons with energies greater than
Et Et’ [¢(E>Et)], and

o«
J/:Jm(8)®(5)dz = reaction rate (per atom) of dosimeter nuclide m,
¢ (ASAT) .

From Eq. (2.2), the saturated activity is defined by

= dosimeter reaction rate per atom {(2.3)
Bq/atom, or reactions/s per atom,

ASAT = ¢ (E>E¢) * g,

Substituting Eq. (2.3) into Eq. (2.1) and solving for Agar and ¢(EVE,),
one obtains,

AR
ASAT * < i (2.4)
N:Y Z pj“-e-XmTj)c-Xm(r-tj)
J=1
and
Al
$(EDE,) = . TOR .
Ngya‘é‘t ZIPJ ( l-e-XmTj)e-Xm(T-tj)
J-

Defining the "saturation factor" (SF) to be

SF = :

J
Z Pj(l_e-.l.m‘rj)e—lm('r-tj)
j=1

one has, therefora:,

m .

$(E>E,) = ATOR *_SF | A;ar (2.5)
m -m -m
NOYcEt oEt

From Eq. (2.5), it can be seen that the value for $(E>E;) can be obtained
by dividing the saturated activity by the effective cross section. In
practice, Agar is obtained from the dosimeter measurements while 3™ s
obtained from the transport calculations. Using this approach t

and defining the calculated saturated activity to be

(AgAT)CCXC - -[em(g)oc.lc(g)dg ’



the effective cross section in Eq. (2.2) can be expressed as

m
EE » (ASAT)cnlc
Q::lc(DEt)

where ¢::1c(£>st) is the value of the threshold flux in the surveillance
capsule obtained from the transport calculation.

Substituting the above relation into Eq. (2.5) gives the '"adjusted" cap-
sule flux

i
sC
*adj(E>Ey) = (A_Sﬂlzm « 9051 (BB (2.5a)
m \
(ASAT/calc

Thus, it can be seen that the present methodology is equivalent to simply
scaling the calculated, integrated-flux by the retio of the measured-to-
computed saturated activities., In reality, this ratio var.es somewhat for
the different dosimeters, so that the average value of the ratio should be
used, The following notation will be used for this average ratio:

M
<(ASAT)meas> = 1 Z (AEAT)meu
(Asat)cale M m=1 (Agar)calc

The thermal neutror fluence rate (¢y)) used to correct for dosimeter
burnout is determined from the bare and cadmium-covered cobalt activities
using Eq. (2.6) below:

Pep = Ag-Acd , (2.6)

T L)
3=l

where Ag = bare cobalt activity (dps/mg),
Acq = cadmium-covered cobalt activity (dps/mg),
Ny = number of cobalt-59 atoms per mg of cobalt,
b9 = 37.1 barns, and
A = 0,0003601 4~1,

The lead factor (LF) is defined as follows

d neutron fluence rate (E>E,) calculated at capsule center

LF (2.7)

maximum neutron-fluence rate calculated at PV inner radius

i ’::lc(5>5t)

IR
bea1c (P8



A generalization of this lead factor definition may be readily extended to
any location of interest in the pressure vessel by replacing the denomina-
tor in Eq. (2.8) by the neutron fluence rate at that particular location 2:

LF, = dcalc (EVEr) - (2.8)

$ca1c(EXEp)

This parameter is computed based on the results of the transport calcula-
tions and is used to propagate the fluence at the capsule into the RPV.

The final threshold flux incident on the RPV is determined usiag the
expression:
sC
‘.d '(E)Et)

oIR(EE,) = _adl e (2.9)

where 0:§j is the adjusted capsule flux from Eq. (2,5a) and LF is the lead
factor from Eq. (2.7). Using these expressions in Eq., (2.9) gives

IR
(Agat) sc ¢ (E>E¢)
$IR(E>E,) = SAT ’meas ¢adi(E>Ep) cale -
’ [<(As.u5ca1c i

¢::lc(DBt)
(AgAT)meas IR
IR .
s IR(EVE,) <(Asn“1c Peatc(BXE) . (2.10)

Equation (2,10) shows that the final RPV threshold flux is obtained in the
current methodology by "adjusting" the calculated RPV flux by the average
ratio of the measured-to-calculated saturated activities at the surveillance

location; ie., by the inverse of the average C/E (calculation/experiment)
value,

Equation (2,10) gives the fluence ratio incident on the vessel; the fluence
rate at other locations is obtained analogously by using the generalized
definitions of the lead factor shown in Eq. (2.8). The result will be the
same expression as Eq. (2.10) with the calculated ‘ncident flux replaced by
the calculated flux at the point of interest., 1In all cases, the
"adjustment factor" (AgaT)meas/ (AsaT)cale Will be the same.

After determining the fluence rate from Eq. (2.10), the total fluence is

obtained by:

J
¢IR(E>E,) = ¢IR(E>E,) 3 P5T; (2.11)
=1



2.3 SAMPLE DISCRETE ORDINATES TRANSPORT CALCULATIONS

A typical transport calculation was performed by a U.S, service laboratory
to obtain RPV fluences using the methodology described in the previous
section, The radial and azimuthal fluence rate distributions were
obtained from a 2-D R-6 discrete ordinates computation for the geometry
shown in Figs. 2.1 and 2.2. A second transport calculation using an R-2
model of the reactor was done to obtain axial variations of the neutron
fluence rate for the regions of interest. The inclusion of the surveil-
lance capsules in the R-® model is mandatory to account for the significant
perturbation effect from the physical presence of the capsule. Both
calculations were performed using the discrete ordinates code DOT® with
the 47-group, SAILOR cross-section library. The energy structure is given
in Table 2.1. An Sg angular structure and a Pj Legendre cross-section
expansion were used in the computations.

The results of the transport calculations required for the RPV fluence
analysis are presented in Figs. 2,3 through 2.8 and Tables 2.2 through 2.4,

The information presented in this section is typical of that presented to
the NRC each time a surveillance capsule is analyzed at a nuclear power
plant. Thie particular analysis was completed in 1983,



Table 2.1.

47-group energy structure of SAILOR cross-section library

Group Lower energy Group Lower energy
(MeV) (MeV)
1 14,19% 25 0.183
2 12,21 26 0,111
3 10.00 27 0.0674
4 8.61 28 0.0409
5 7.41 29 0.0318
6 6.07 30 0.0261
7 4,97 31 0.0242
8 3.68 32 0.0219
9 3.01 33 0.0150
10 2,73 34 7.10 x 10-3
11 2.47 35 3.36 x 103
12 2,37 36 1.59 x 10-3
13 2.35 37 4.5 x 10~%
L4 2,23 38 2.14 x 104
15 1,92 39 1.01 x 10~%
16 1,65 40 3.73 x 1073
17 1.35 41 1.07 x 10~3
18 1.00 42 5.04 x 1076
19 0.821 43 1.86 x 1076
20 0.743 44 8.76 x 10~7
21 0.608 45 4,14 x 1077
22 0.498 46 1.00 x 10~7
23 0.369 47 0.00
2 0.298

*The upper energy of Group 1 is 17.33 MeV.



Table 2.2,

10

Calculated neutron energy spectra at the

center of the surveillance capsules

s [0/ (cm?+8))

 §

@[n/(cmz's)]

Group ' Group
g 4° capsules | 40° capsules i 4° capsules | 40° capsules
1 1.35 x 107 2,08 x 107 25 8.59 x 109 3.42 x 1010
2 4.85 x 107 | 7.65 x 107 26 8.10 x 109 3,29 x 1010
3 1.56 x 108 | 2.67 x 108 27 6.50 x 109 2.67 x 1010
4 2.7 x 108 | 4.89 x 108 28 4,80 x 109 1.99 x 1010
5 4,32 x 108 | 8,20 x 108 29 1.68 x 109 6.92 x 109
n 9.33 x 108 1.85 x 10% 30 1.04 x 109 4.27 x 109
7 1.18 x 109 | 2.57 x 109 31 1.71 x 109 7.15 x 109
8 2,07 x 109 | 5.17 x 109 32 1.05 x 109 4,41 x 109
9 1.62 x 109 | 4.54 x 109 33 2,52 x 109 1.05 x 1010
10 1.27 x 109 | 3.71 x 109 34 4,21 x 109 1.75 x 1010
i1 1.46 x 109 | 4,38 x 109 35 5,66 x 109 2.35 x 1010
12 7.19 x 109 | 2.19 x 109 36 5.16 x 109 2,17 x 1010
13 2,12 x 109 | 6.52 x 109 37 7.79 x 109 3.31 x 1010
14 1.04 x 109 | 3,22 » 109 38 4,42 x 109 1.88 x 101C
15 2.67 x 109 | 8.37 x 109 39 4.68 x 109 2,01 x 1010
16 3.21 x 109 1.05 x 1010 40 6.27 x 109 2.71 x 1010
17 4.67 x 109 1.57 x 1010 41 7.59 x 109 3.31 x 1010
18 8.45 x 109 | 2,98 x 1010 42 4.33 x 109 1.90 x 1010
19 5.73 x 109 | 2.09 x 1010 43 5.24 x 109 2.31 x 1010
20 2,83 x 109 1.04 x 1010 44 3.46 x 109 1.53 x 1010
21 8.16 x 109 | 3.14 x 1010 45 2.93 x 109 1.29 x 1010
22 6.21 x 109 | 2.45 x 1010 46 5.59 x 109 2.41 x 1010
23 7.46 x 109 | 2.93 x 1010 47 1.4" x 1010 | 5,66 x 1010
24 6.51 x 109 | 2.59 x 1010
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Table 2.3. Calculated fast neutron flux (E > 1.0 MeV)
and lead factors for surveillance capsules
Capsule Lead factors Lead factors
identification ¢(E > 1.0 Mev) for 4° capsules | for 40° capsules
(n/(cm?+s)]
Capsules at 4° 3,06 x 1010
(S, V, W, and 2)
Capsules at 40° 9.44 x 1010
(T, U, X, and Y)
vessel IR 2,98 x 1010 1,02 3.17
Vessel 1/4-T 1.65 x 1010 1.84 5.72
Vessel 3/4-T 3.41 x 109 8.92 27.7

Table 2,4, Spectr:m-averaged reaction cross sec:ions®
at the center of surveillance capsules
d(barns)

R t . -

e Capsules at 4° Capsules at 40° |
4Fe(n,p) %Mn 0.0980 0.0735
63cu(n,a)®0co 0.00112 0.000659
58Ni(n,p)38co 0.127 0.0993
237xp(n, £)137¢s 2,62 2.83
238y (n, £) 3¢ 0.385 0.385

. ‘l:o(2)¢(ﬁ)dz
.——6——_
J/. $(E)dE
1 MeV
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Fig., 2.2, Plan view of a reactor vessel surveillance capsule.
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Fig. 2.3, Calculated radial distribution of maximum neutron
fluence rates (E > 1,0 MeV) within the pressure vessel,
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Table 2.5. Nuclear parameters for neutron flux monitors

Target
Monitor Reaction of weight Response Product Fission
material interest fraction range half-life yield
(%)
copper  63cu(n,a)%%co  0.6917 ED> 4.7 MeV 5.27 years
Iron S“i‘e(n,p)sl‘m 0.0585 E > 1.0 Mev 314 days
Nickel  8Ni(n,p)%8co  0.6777 E > 1.0 Mev 71.4 days
U-238 238y(n,£)137¢cs 1.0 E > 0.4 MeV 30.2 years 6.3
Np-237  237Np(n,£)!137¢cs 1.0 E > 0.08 Mev 30.2 years 6.5
Co-Al*  3%o(n,y:8%0  0.0015 0.4 eV<E<0.0015 MeV 5.27 years
Co-Al 59co(n,y)%%0  0.0015  E < 0,0015 Mev 5.27 years
*Denotes that monitor is cadmium shielded,
Table 2.6. Irradiation history of surveillance capsule
Month  Year Pj Paax P;/Pmax Irradiation time Decay time*
(MW)  (MW) (days) (days)

12 1981 37 3565 0.007 9 679

1 1982 264 3565 0.074 31 648

2 1982 763 3565 0.214 28 620

3 1982 1223 3565 0.343 31 589

4 1932 2251 3565 0.632 30 359

5 1982 1282 3565 0.360 31 528

6 1982 2706 3565 0.759 30 498

7 1982 3389 3565 0.951 31 467

8 1982 3287 3565 0.922 31 436

9 1982 2883 3565 0.809 30 406

10 1982 3123 3565 0.876 3l 375

11 1982 1366 3565 0.383 30 345

12 1982 4 3565 0.001 31 314

1 1983 3054 3565 0.857 31 382

2 1983 3495 3565 0.980 28 255

3 1983 3403 3565 0.955 31 224

4 1983 3472 3565 0.974 30 194

5 1983 3485 3565 0.978 31 163

6 198 3160 3565 0.886 30 133

7 1583 3179 3565 0.892 19 114

EFPS = 3,28 x 107 s = 1,04 EFPY.

*Decay time is referenced to November 11, 1983,
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sections described in Section 2.2 to obtain an adjusted capsule flux as
shown in Eq. (2.5a), Finally, the fluence above | MeV at various posi~
tions in the RPV is given in Table 2,10 as obtained from Eq. (2.11), In
this table, the results labeled "calculated" correspond to the transport
calculations, while those labeled "measured" are the adjusted results
obtained from Eq. (2.10). However, in this case, the adjustment factor
is based only on the ’%Fe dosimeter results, rather than the average of
all dosime*ers, presumably because more faith was placed on these
experimental measurements. The other dosimeter measurements are not
directly vsed in this analysis. Therefore, the adjustment factor will
be:

(AsaT)meas o 3.21+10° _ o 5, .
(AgaT)cale  4.53+10°

The so-called measured fluence in Table 2.10 is obtained by multiplying
the transport calculations (i.e., "calculated" results) by this scale
factor,
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Table 2.8, Measured saturated activities and derived fluence
and fluence rates for surveillance capsule

Saturated activity Saturated activity

Reaction and Measured radial at measured radial interpolated to
axial location location location centerline
(cm) (Bq/g) (Bq/g)
S“Fe(n,p)sann
Top 211.68 3.01 x 108 3.17 x 106
Top-middle 211.68 3.03 x 10° 3,20 x 108
Middle 211,68 3.01 x 10% 3.17 x 106
Bottom-middle 211.68 3.08 x 108 3,25 x 108
Bottom 211.68 3,11 x 106 3,28 x 108
Average 3.05 x 106 3.21 x 106
Top-middle 211,18 3,22 x 103 3.06 x 105
Middle 211.18 3.24 x 103 3,08 x 109
Bottom-middle 211,18 3,36 x 105 3,20 x 103
Average 3.27 x 10 3.11 x 105
38Ni(n,p)38co
Tcp-middle 212.18 4.06 x 107 4,66 x 107
Middle 212,18 3,99 x 107 4.58 x 107
Bottom-middle 212.18 4.16 x 107 4,78 x 107
Average 4.07 x 107 4.67 x 107
237Np(n,f)137Cs
Middle 211,41 3.95 x 107 3.95 x 107
238U(n,f)137Cs

Middle 211,41 5,02 x 106 5.02 x 106
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Table 2.9, Comparison of measurements and
calculations for surveillauce capsule
Saturated
activities $(E > 1.0 MeV) $(E > 1,0 MeV)
(Bq/g) [n/(em2+5)] (n/em?)
SESCE 0N Meas. Calc. Meas. Calc. Meas. Calc,
Shpe(n,p)3%Mn | 3.21E6% | 4.53E6 | 6.70E10 | 9.44EI0 | 2,20E18 | 3.10E18
63cu(n,a)®%co | 3.11E5 | 4.11E5 | 7.14E10 | 9.44E10 | 2.34E18 | 3.10E18
58Ni(n,p)38Cco | 4.67E7 | 6.59E7 | 6.69EI0 | 9.44EL0 | 2,19E18 | 3.10E18
237%p(n,£)137¢s | 3.95E7 | 4.41E7 | 8,46E10 | 9.44EI0 | 2.77E18 | 3.10E18
238y(n,£)137cst | 4.4286 | 5.31E6 | 7.19E10 | 9.44E10 | 2.36E18 | 3.10E18
Average 7.24E10 | 9.44E10 | 2,37E18 | 3.10E18
*Read as 3.21 x 108,
tU~238 adjusted saturated activity has been multiplied by 0.88 to

correct for 350 ppm 23

Table 2.10.

v impurity.

Summary of neutron

dosimetry results¥

Current $(E > 1.0 MeV)

EOL ¢(E > 1.0 MeV)

(n/cm?) (n/cm?)
Location
Measured Calculated Measured Calculated
Capsule T 2,20 x 1018 3.10 x 1018
Vessel IR 6.94 x 1017 9.78 x 1017 2.13 x 019 3,01 x 1019
Vessel 1/4-T| 3.85 x 1017 5.42 x 1017 1.18 x 1019 1.67 x 1019
vessel 3/4-T| 7.93 x 1016 1.12 x 1017 2.44 x 1018 3,43 x 1018

*Based on 5“!"e(n,p)S"Mn reaction rate data.

NOTE:

full-power years.

EOL fluences are based on operation at 3565 MWt for 32 effective
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but without absolute comparisons between the measurements and calcula-
tions, the present method provides no measure of the adccuracy of the
results, nor dnes it attempt to compensate for this shortcoming by
incorporating 2 defansible safety factor for conservatism into the
calculated fluence rates., As matters now stand, it is not known whether
the results using the present method are generally conservative or not.

3.3 APPROXIMATIONS IN THE TRANSPORT CALCULATIONS

A number of approximations are inherent in the discrete ordinates trans=-
port method, such as discretization of the space, energy, and direction
variables, and the finite-order Legendre expansion of the differential
scatter cross section, It is important to ensure that adequate mesh,
group structure, quadrature, and expansion order are used in transport
calculations, There may be a reluctance among some organizations to use
the proper parameters in their calculations, since cruder approximations
can significantly reduce the calculational costs, but perhaps at the
expense of accuracy. Standardization in the discrete ordinates parameters
would help to ensure reliable results,

The flux in the RPV is a function of the three spatial coordinates. Even
if only midplane parameters which vary in two coordinates are of interest,
the axial leakage must be accounted for in the third dimension. The
state-of-the-art in deterministic transport theory calculations is mainly
limited to 2~D geometries and, thus, the 3-D effects must somehow be
approximated. Usually the variation of the flux in the axial direction

is represented approximately, and a 2-D transport calculation is performed
to obtain the R® variation, Several different expressions have been used
for the axialvariation of the RPV flux, ranging in sophistication from

(1) assuming a flat distribution, (2) assuming the same axial distribution
as that of the core power, and (3) computing an axial variation using
transport theory, Method (1) is especially crude and can lead to consid=-
erable error in the computed RPV fluence. Method (2) works well in many
cases concerned with computing in-vessel dosimetry, as long as the
axial/spatial power shape is fairly uniform throughout the core,

Method (2) is not as accurate as method (3) if the axial distribution
varies radially. The discrepaicy can be very significant in analyzing
ex-vessel (i.e,, cavity) dosimetry, since the axial variation of the
cavity flux can be very different from the power. The acceptable methods
based on results of benchmark experiments should be identified for general
use,

Severai approximations exist in the current procedures for defining the
core source distribution, First, in the past some organizations have
used only the assembly-average power distribution, without regard for
the intra-assembly variation, in representing the core source. Since
the pin-wise power can vary up to a factor of four across the peripheral
assemblies, this is a poor approximation., In other instances, a
"generic" pinwise distribution is used, which also can be inaccurate, as
illustrated in the previous section. Plant-specific data is preferable.
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Another approximation in the current way of defining the core source is
inherent in the use of Eqs. (2.1) and (2.4). It is tacitly assumed in
Eq. (2.1) that the relative spatial distribution of the source during the
period of exposure is independent of time, and that the only variation is
in the absolute source normalization, which is determined from the power
history. There are examples of fuel loadings in which significant varia-
tions in the midplane spatial distribution of the fission source nccur as
a consequence of burnup during a cycle as well as from cycle to cycle.
Since the measured activities at the time of removal are reduced to
saturated activities by means of Eq. (2.4), this approximation in the
source description can have a direct impact on the accuracy of the derived
fluence rates in Eq. (2.5). 1In cycles for which there is a significant
time-dependent variation in the spatial power distribution, it may be
necessary to employ a more sophisticated method than simply using the
time-averaged distribution in the transport calculations., This approxi-
mation mainly affects the predicted activities for the short-lived dosi-
meter products which are most sensitive to the power distribution near
the time of removal, and for reactor cores in which the power fraction
produced by the periphera. assemblies changes a large amount during the
period of irradiation,

3.4 MULTI-CYCLE ANALYSIS

I1f the power distribution does not behave very much differently from cycle
to cycle, then a representative source distribution can be obtaineda by
averaging over the different cycles, However, if the power distribition
in the outer assemblies varies significantly in different cycles. such

as between a conventional and low-leakage core loading, then separate
transport calculations should be performed for each cycle. An alternative
to this potentially expensive approach is described in Section 4.4.3.

3.5 CONSOLIDATION OF MEASURED AND CALCULATED RESULTS

In the current methodology, the measured dosimeter activities are used to
scale the calculated RPV integrated flux as shown in Eq. (2,10)., Thus the

measured and calculated results are consolidated through the adjustment
factor of

(ASAT)meas .

(AsaT)calc
Note that no spectrum adjustment is made using Eq. (2.10) -- only the
overall magnitude of the calculated flux is changed by the adjustment
factor. In reality, the energy distribution as well as the magnitude of
the calculated flux has uncertainties associated with it, and should be
affected by consolidation with the experimental results. This spectrum
adjustment, often called "unfoldiug," is not performed with the current
methodology. Spectral adjustment will be especially important if para-

meters such as dpa (displacements per atom) rather than gross integrated
flux are used tu monitor radiation damage.
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Equation (2.10) also implicitly assumes that the adjustment made to
calculated results at the surveililance location is appropriate for all
locations in the RPV, This assumption essentially rules out any adjust-
ment to the lead factor; i.e., it is assumed that the calculated lead
factor is correct so that errors in the transport calculation are the same
in the RPV as in the surveillance location,

The calculational error actually varies spatially, especially in penetrat-
ing the RPV. 1If cavity dosimetry is used exclusively for surveillance,
then the discrepancy between the measured and calculated dosimeter activi-
ties may be considerably greater than the error in the transport calcula-
tion at the inner radius of the RPV. The adjustment factor as Aefined in
the current methodology will be inappropriate in this case.



IMPROVEMENTS IN RPV TRANSPORT ,YSIS PROCEDURES




(4) have an adequate number of neutron groups above 0.1 MeV; (5) be well
documented and easily accessible to all organizations, and \6) be com~
patible with transport and adjustment codes used in the RPV znalysis,
Organizations which desire to use data other than the standard library
sho.uld show that their duta perform equally well on established benchmark
experiments, Periodic improvements could be made to the standard lihrary
as improved nuclear data becomes available.

The ELXSIRIO or SATLOR!C Libraries perhaps come cli est to meeting all
therequired specifications. The 56-neutron group ELXSIR Library contains
37 groups above 0.1 MeV but as yet contains no gamma-ray groups or an
adequate thermal-neutron group. It does, however, satisfy the remaining
criteria, The SAILOR Library consists of 47 neutron groups, of which 26
lie above 0.1 MeV, and tJo adeguate thermal-neutcon groups., It is also a
coupled library, containing 20 gamma-ray groups, However, the dosimetry
cross sections are not as accurate as those of the ELXSIR Library, which
have been updnted.l3' 1" 1t is also not compatible with the LEPRICON
adjustment code (see Section 4.5), if that is to be useu in the analysis.
Both libraries are readily available from the Oak Ridge Natioral
Laboratory.

There is a common shortcoming in both libreries, which should be modified
in the standard library. First, it has been previously observed in
benchmark oxperiment analyses that the iron inelastic cross section in
ENDF/B~1V appears to be too large and tends to over-attenuate neutrons
passing through thick steel regions, such as the RPV. Recently, Fu has
performed a new evaluation of the iron cross section which appears to
give better agreement between (ransport calculations and measurements of
neutron penetration through iron, B However, the new iron data have not
been thoroughly tested against RPV benchmark and power reactor measure-
ments, 2%, It is recommended that the new iron cross sections be vali-
dated as soon as possihle and, if improved results continue to be
obtained, be made part f the standard RPV cross-section libuary.

In summary, it is recommended that a modified version of the ELXSIR or
SAILOR Cross-Section Lit-3ry be developed and designated to be the

nation standard multigr.. , data for RPV fluence calculations. The library
would be modified by implementing and testing the new Fu evaluation of the
iron inelastic cross-section data.

4.3 STANDARDIZED DISCRETE ORDINATES METHODOLOGY

Transport calculations of tlie RPV fluence are almost univercally performed
in the U,S, with a two-dimensional discrete ordinates transpor¢ code such
as DOT, These codes place wany options and approximations at the discre~
tic . - " the user., This approach provides much flexibility, bu* also pro-
vi- . opportunity for the user to make a poor choice of rptions,
rec in an inaccurate calculation of the RPV fluence. 1In ouvder to

~:quate approximations in the transport calculatiors, it is

:d that the following procedures bhe proposed for R®V fluence

ons, (Many calculators are already using these proc-aures,)
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Use a P3 Legendre expansion of scattering cross sections,
Use an Sg (48 directions) fully symmetrical quadrature.*

Use the theta-weighted or weighted difference flux extrapolation
model.,

Use 4 point flux convergence of 0.001, Make sure that the calcula-
tion is not termina*ed before conve'gence is obtiained due to an
insufficient number of inner iterations. Usually 15 iterations are
more than sufficient,

Compute the RPV {luence and dosimeter activities by combining results
from an R9 transport calculation for the radial ard azimuthal depen-
dence with an appropriate axial distributian function. A second
transport calculation in RZ geometry may be required to obtain the
axial distribution, if the axial flux shape changes significantly as
a function of radius (e.g., in the cavity), This is discussed in
Section 4.4.4,

Make the RO mesh fine enough to adequately represent the irregular
core boundary (since the irregular nature of the core causes azimuthal
variations in the RPV fluence). Experience in benchmark experiments
has shown that this generally requires 40 to 80 © intervals not
necessarily evenly spaced, over a one-eighth core. Using the
"variable-mesh" capability in DOT-4 is a considerable aid in deter-
mining an appropriate radial mesh., As a rule of thumb, the core
midp'ane area as defined by the R® mesh should be within 0.5% of the
true value. The steel baffle surrounding the core of a PWR should be
explicitly included in the DOT model, as should the surveillance cap-
sule holder in all reactors.

Use at least three intervals for every inch in water and three
intervals for every two inches in steel for the radiel mesh,

4.4 TREATMENT OF SPACE- AND TIME-DEPENDENT EFFECTS

The scalar flux incident on a RPV actually varies in terms of five inde-
pendent variables: three spatial coordinates (R,8,Z), energy (group),
and time, The spatial distribution of the flux is a function of the
in-core and ex-core reactor geometry and of the core source distribution.
The magnitude and energy spectrum of the RPV flux varies with time during
a given cycle due to changes in the core source with burnup, control -rod

*For narrow cavities and detectors considerably removed from the rea.tor

midplane, a finer quadrature may be required to handle the streaming
properly.
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where C = power-to-source conversion factor [(neutron/s)/MW];
B(t) = in [burnup (MWD/T)] of peripheral assemblies at time t; and

Ag, A}, Az, A3, and A, are given, respectively, by the constants
-9.8135, 8.7814 x 10-1, -1,6286, 1,3184 x 10~!, and -3.8863 x 10~3.

This correlation is valid for buraup >500 MWD/T. For values <500 MWD/T,
& conversion factor of 7,708 x 1018 ig appropriate. The above correlation
does not account for the burnup dependence of the energy distribution.

The energy distribution of the source is equal to an effective fission
spectrum, Thg fission spectrum tendg to harden slightly with time, due to
buildup of 239py and depletion of 235y; however, this effect is often
ignored, and a pure 235y spectrum is used, such as given in ENDF/B-V., To
be more rigorous, an average fission spectrum is considered for the
pecipheral assemblies at time t, designated X(E,t) which is a weigh.ed
combination of the 2350 and 239pu spectra appropriate for the peripheral
assemblies, Thus, the time-dependent source is equal to

Q(t,E,t) = C X(E,t) P(2,r) (4.1)

where P(2,t) is the absolute power density distribution, Often it is use-
ful to express P(?,t) as the product of a shape distribution (relative
power) and the total power Pp(t):

P(e,t) = R(2,t) * Pp(t) (4.2)

where R(f,t) = pe.t)
pr(t)

The advantage to expressing "he power distribution in this form is that
the .h; e distribution R usually varies more slowly than the total power
Pr(t),

Having obtained the time-dependent source Jistribution, the manner in
which it can be used in computing RPV fluence and dosimeter activation is
determined, Consider first the question of RPV fluence. The space~ and
energy-dependent fluences at time t are equal to

t
O(t,E,t)-:/-Q(r,!,t')dt' (4.3)
0

wvhere the time-dependent scalar flux is computed from the time-dependent
angular flux,

¢(?,E,t) -fv(r,!,ﬂ.t)dh . {4.4)
4n
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The angular flux obeys the transport equation
BY(?,E,i,t) = Q(f,E,¢t) . (4.5)

In this equation, let "B" .tand for the Boltzman transport operator, in
order to simplify notation,

The fluence is related to the angular flux by

t
¢(r,:,:)-j f y(t,z,h,t')d:'do-fe(r,z,fz,:)dn . (4.6)
4n *0 an

where ¢(?,E,{,t) is the angular fluence, Thus, once the angular fluence
is known, the (scalar) fluence is easily computed,

The equation obeyed by the angular fluence is obtained by integrating
Eq. (4.5) from t'=0 to t'=t:

t
B&(r,E,0,t) -f Q(t,E,t")dt" (4.7
0

From Eq. (4.7), it is seen that the angular fluence distribution obeys the
Boltzman transport equation, with a time-integrated fixed source. The
average flux throughout the system during the time period (0,T) is thus
equal to

T(e,E) = °—‘-’-;'—*9- . (4.8)

This average flux will be used later in determining the dosimeter activa-
tion,

Herce, a single transport calculation is required to obtain a two-
dimensional mapping of the RPV fluence, regardless of the time-dependent
variation in the source because only the integrated source affects the
fluence, not the actual time dependance., All neutrons which striks the
RPV are scored equally, regardless of the time they hit the vessel.
Unfortunately, this is not the case for dosimeter activation.

The activities of the various surveillance dosimeters build up w.th time
until eventually they “saturate," if the the reactor is opsrated long
enough. The neutrons which strike the various dosimeters at times near
TOR are more important than those which strike near the beginning of life,
because the radiocactive dosimeter products created early will have a
higher probability of decaying before being removed from the reactor.
Hence, the source distribution at later times should be weighted more
heavily than near the beginning of life, In the following development,

a rigorous relation is derived between the space~- and time-dependent
source and the time-dependent dosimeter activities,
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Assuming that Eq. (4.13) is a good approximation (as it usually is),

Eq. (4.14) will give an accurate estimate for the dosimeter activity.
However, notice that in order to evaluate Eq. (4.14), the value of the
flux at each of the time intervals must be known, This would involve per-
forming DOT transport calculations at each of the J time steps, using the
appropriate source distribution for the time interval.

In order to avoid these expensive computations, a simplifying assumption
is alvays made in the currer* methods, These current methods effectively
desigusts a time-independent, "nominal flux'" distribution to be ¢y(P,E),
Ouly a single transport calculation is reqrired to obtain the nominal
flux, The source for this nominal transport calculation is usually nor-
malized to full power; but determination of the spatial distribution
appears to be somewhat vague. A middle-of-cycle (MOC) distribut.on is
sometimes used, or sometimes the cycle-sverage or some other shape is
selected, S.nce the power distributior - .anges with time, no single shape
is correct for all times., Using the nominal flux Eq. (4.14) can be
re-arranged to

= J .
Ai ,TOR * “oiYJ/;i(!)‘N('inE) 2: iii:llgl (1-e=2iTj) e=2i(T-ti)gg (4.15)
(<] j=1 ¢n(2;,E)

No approximations are made in going from Eq. (4.14) to Eq. (4.15);
however, Eq. (4.15) still requires knowing $i» the flux at each time step.

The present methods approximate the flux retio appearing in the summat.on
of Eq. (4.15) by

L5 L L2 T (4.16)
en(t;,E) Py

where P; is the reactor power level at time step j, and Py is the nominal
(e.g., full power) level. This approximation amounts tyu assuming that the
space and energy shape of the flux is constant. Only the flux normaliza-
tion, as fixed by the total power level, changes with time, This assump-
tion is rigorous only if the relative power distribution is time
independent, i,e,, if the power density is separable in space and time.
Substitution of Eq. (4.16) into Eq. (4.15) results in Eq. (2.1), which is
the expression currently used to compute dosimeter activities. It has
been shown in some cases that using the tutal power instead of local power
variations can cause up to 20% error in some computed activities,

A more rigorous and accurate method of computing activities should take
into account changes in the shape of the core source as well as in its
overall magnitude. Such a method has been developed based on using an
adjoint transport calculation, Recall that the difficulty with using the

"exact" expression in Eq. (4.14) is the expense in evaluating the term
0 (E) ;(®;,E)E,

This term can be expressed in terms of angular flux as

-
f:i(t)q(?i,l)dt‘. ~f Oj(l)f Vj(?i,!,ﬁ)dﬁd!. (4.17)
[+] o 4n
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4.4,3 Cycle-Dependent Source Variations

The time-dependent behavior of the core source may vary from cycle to
cycle. 1In theory, after the equilibrium fuel management program is
established, each cycle will behave the same. In reality, however, there
are usually fuel loading and operational variations which will continue to
make each cycle unique, The recent trend toward low-leakage corg con~
figurations results in significant cycle-wise source variations,?4

Therefore, each cycle for which the surveillance dosimeter is in the reac-
tor should be considered in the transport calculations., It is often
adequate to lump several cycles tcgether which have similar power distri-
butions by averaging the respective sources., A transport calculation must
then be performed for each set of cycles, and the results combined in a
manner which accouits for the radicactive decay of the dosimeter., If the
adjoint methodology described in the previous section cn treating time-
dependent source variations is followed, then multi-cycle analysis is very
straight-forward., Only one additional complicatiou may be introduced by
considering each cycle of irradiation. An additional adjoint transport
calculation may now be required if there is a change in the materials
geometry (such as the introduction of a partial length shield) that accom=-
panies the new cycle loading. Also, every time a set of surveillance
dosimetry is removed from the core and analyzed, a single forward calcula-
tion will be required to obtain the accumulated RPV fluence over the time
spanned by the dosimetry, Usually, the dosimetry is only removed every
few cycles, so that a transport calculation is not needed for every cycle
unless a materials change is made,

For example, suppose a particular set of dosimeters . s been placed in a
reactor at the BOL and is being removed after cycle L to be analyzed. Let
m be the cycle index and assume that there are J time-intervals within each
cycle, during which the source distribution changes. 1In order to analyze

these dosimeters, a single forward calculation is performed using the
time-integrated source given by

T
Q(t,E) 'f Q(e,5,t)at = Q(r,E)T (4.25)
°
where T = TOR = time until end of cycle L.
The time integral is equal to
T L J
j Qdt = 2: Z: Q-j(?,!) it g (4.26)
. m=] j=|
vhere Qpj = fource distiibution at time step j, within cycle m, and

ot = length of the jth time interval.
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If the source distribution is virtually unchanged over several cycles,
then the summation in Eo (4,26) will reduce accordingly. The 2xpression
in Eq. (4,24) for the do.imeter activity is treated analogously, by
replacing the sum over ) with a double sum over j and m,

An alternative procedure may be followed if a complete fluence mapping
over the RPV is not required to locate the absolute position of the peak
flux. 1In this case, a new forward transport calculation need only be made
following a major source distribution change such as in going from a high-
leakage to a low-leakage core fuel management scheme, or following a
significant change in the materials geometry. This alternative procedure
treats the RPV group fluxes as simply responses vhicg scale in the same
manner as the dosimeter activities do in Eq, (4,23).2C Instead of the
time-averaged flux ¢ in Eq. (4.23), a midcycle flux distribution calcu~
lated by using a midcycle source distribution for a single representative
¢ycle in DOT may be substituted. The dosimeter activities are still
calculated using Eq., (4.24), and the accumulated group fluences by

o ) 0

where 0' is the group flux calculated using the midcycle source.

4,4,4 Three-Dimensional Flux Synthesis

Although a few 3-D discrete ordinates codes are now beginning to appear,
the cost of running these codes on a routine basis seems prohibitive,
Furthermore, in most problems encountered in RPV fluence analysis, the
axial disiribution of the core power can be reasonably assumed to be a
smoothly varying function which only changes slightly among the peripheral
assemblies, the most important region for contributing to the RPV fluence.
Therefore, a detailed 3-D transport solution is not warranted; instead a
type of flux "synthesis™ approxima.ion is adequate,

To evaluate the RPV fluence and dosimeter activities, the 3-D transport
equation shown in Eq. (4.5) needs to be solved, In this equation, ¢t
specifies the spatial position which in general is determined in 3-D
cylindrical geometry by the coordinates,

t = (R,9,2) . (4.28)

Several different methods have been used to approximate the 3-D RPV flux
distribution by using results of lower dimensional (2-D and 1-D) calcula~
tions, The two most accurate methods - which are used today with sevei 1
variations - will be called in this report (1) the midplane method and
(2) the single-channel synthesis method, The most important common fac-
tor of the two approaches is the use of two 2-D transport calculations to
synthesize a 3-D flux distribution, Some less accurate techniques use a
single 2-D R® transvort calculation, to which a “generic" (i.e,, pre-
determined) axial distribution function is applied. Although both the
midplane and synthesis approaches can produce accurate results, the









A

which is specified per unit height, the R@~channel source is equal to the
axially integrated value and is thus proportional to the average value,
rather than the midplane value, There are no axial leakage terms (i.e.,
"buckling") in the R@-channel transport equation, unlike the midplane
equation,

The expression for $gz/®g appearing in Eq. (4.34) car be viewed as an
"axial distribution factor" which distributes the RO (axially integrated)
solution over the axial dimension. It has been found that, in most cases,
this expression can be adequately represented for in-vessel dosimeter
calculations by the axial power distribution, i,e.,

g (R) [p(2)dz

where P(Z) is a single, representative axial power shape. However, for
ex-vessel cavity dosimetry analysis, the axial flux distribution in the
cavity may be significantly different from the distribution within the
vessel, It will be necessary to perform additional transport calculations
to obtain $gz and ¢5 in these cases. For detectors located beyond the
vertical extent of the core, there is evidence that the synthesis method
breaks down rather badly in the cavity, but these locations are not
important to dosimetry analysis,

A(R,2) &

The RZ-channel and 1-D R-channel flux equations are obtained in an analo-
gous manner to the R® equation, In these cases, the 3-D source is respec~-
tively integrated over © to obtain S(R,Z) and over @ and Z to obtain S(R).
The 2-D RZ and 1-D R transport calculations are then performed to obtain
the channel fluxes, and radially-dependant axial distribution functions
are cbtained by taling the ratio of the RZ and R channel fluxes.

A standard procedure such as one of the two (midplane or single~channel
synthesis) methods outlined here, should be adopted for all organizations
to nee in their RPV analyses,

4.5 CORSOLIDATION OF TRANSPORT CALCULATION AND DOSIMETRY MEASUREMENTS

The previous sections have discussed procedures for performing transport
calculations of the RPV fluence and dosimeter activities, In this section,
it will be shown how the calculations can be combined with measurements
of the surveillance dosimetry to provide the final estimate of the RPV
fluence, The recommended approach is to use & least-squares adjustment
procedure as discussed in Section 4.,5.2, However, until this methodology
is adopted, a modified version of the less rigorous "conventional" method
can be used., This method is the technique currently employed by many
organizations and was described in Section 2, 1In Section 4.5.1, a
modified form of the same basic approach, which is compatible with the
adjoint method of computing -urveillance dosimeter activities., Also, a
crude approach to determinir,_ the estimated uncertainty in the calculated
results is described,
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In order to consolidate the measurements and calculations, simply divide
the computed adjoint function by r, so that the adjoint function is
modified to

* - %3 (4.39)

When Eq, (4.35) is evaluated with the modified adjoint function, the
resulting calculated activities should agree closely with the measured
values., It will now be shown how this procedure can be used to obtain a
correction to the originally calculated RPV fluence, Let the fluence
above 1.0 MeV [indicated as #(>1)] as the measure of RPV fluence, In
order to obtain a better value for #{>1) at the surveillanc.: location,
the same scaling procedure is used, and

8g(>1) * 01 (4.40)

e

Note that the modified adjoint (i.,e., divided by ¥) is used in order to

take advantage of the measurements; chus, the modification in expression
(4.40) represents an adjusted fluence at the surveillance location., The
uncertainty in this value is indicated by the standard deviation in the

C/E values, assuming that an adequate number of different dosimeters are
analyzed,

In order to extrapolate this fluence to the pressure vessel, a lead fac~-
tor 18 defined in the usual marner:

we 280D (4.41)
Ymax (1)

vhere dpax(?l) & waximum time-averaged flux at the PV inner radius, as
found in the forward calculation,

Recall that, in the approach developed in Section 4.,4,2 (unlike most
current approaches), the time-averaged fluxes §g and §,,, correctly
reflect the space- and time-dependent di. .ributions in the core source
and, thus, should be quite accurate, The adjusted value for the maximum
fluence incident on the RPV is then ejqual to

8g(>1)
' LF

.”v(>l) = ’ (4.42)

The uncertainty in the RPV fluence may actually be diffe ant than the
uncertainty in the surveillance location fluence, due to uncertainties in
the lead factor (LF). It is difficult to ascertain the LF uncertainty
without performing a detailed sensitivity and uncori:i;;y analysis, such
@8 utilized in some least-squares adjustment codes.'™ Unless this
rigorous apprcach is employed, it is necessary to neglect the LF uncer-
tainty and assume thuat the uncertainty in the RPV fluence is the ssa= as
that at the surveillance capsule, which is approximated by the standord
deviation in the C/E values, as given by Eq. (4.38),
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4.5.2. Least-Squares Consolidation

The current method consolidates the measurements and calculated results
through the use of a single adjustment factor which scales the computed
fluxes in all groups by a uniform factor [see Eq. (2.10)]. An improved
approach is to adjust the group-wise fluxes, which allows changes in both
the magnitude and energy distribution of the fluence rate., Several
methods with various degrees of sophistication have been developed to per-
form a consolidation of this type, whereby the measured activities from
several different threshold dosimeters are used to "unfold" an adjusted
spectrum from the original calculated spectra. All are based on a least~
squares approach that modifies the group fluxes in a manner which
simultaneously minimizes the overall discrepancy between all the calcu-
lated and measured dosimeter activities, The more rigorous methods take
into account uncertainties in the calculated group fluxes as well as in
the measurements when making the adjustments, Reference 7 describes some
of the available least-squares spectral unfolding codes, References 8 and
9 give a detailed description of the least-squares logarithmic adjustment
code LSL-M2 and Refs, 14, 27, 28, and 29 present the theory and applica~
tion ot the generalized linear least-squares adjustment code LEPRICON.
The FERRET-SAND method has also been used extcns%vely tv improve and
revise the spectra in LWR surveillance capsules. U The latter codes have
been extensively applied to RPV fluence determination to obtain adjusted
spectra at the surveillance location, The LSL-M2 and LEPRICON methods
will be discussed in detail since these provide means for adjusting
spectra at more than onme location and to extrapolate from surveillance
and other dosimetry locations to the interior of the vessel wall,

4,5.2.1, The LSL-M2 Adjustment Procedure

The LSL-M2 program performs the consolidation between calculated spectra
and measurements by simultaneously adjusting group fluences, measurements,
and dosimetry cross-section data consistent with the relative amouat of
uncertainty for each data item, All uncertainties must be given in terms
of variances and covariances. This is relatively straight-forward for
experimental data, and the uncertainties for dosimetry cross sections are
available in ENDF or IRDF files which are included in the LSL-M2 package.
Determination of variances and covariances for the calculated fluences is
much more difficult, The simple scaling, as discussed in Section 4.5.i.
assumes perfect correlation between all energy groups at all locations
with one overall variance based on C/E values, On the other end of the
spectrum is a complete error analysis of the ricactor calculation similar
to the procedure in the LEPRICON approach, A reasonable compromise is to
provide some crude estimates for the variances of the calculated fluences
in each energy group and to assign correlations which are large (i.e.,
correlations coefficient close to 1.0) for neighboring energy groups and
neighboring meshpoints within the reactor with gradually diminishing
correlatinns for more distant energies and locations, The calculational
tools for such fluence uncertainty estimates are provided in LSL-M2 based
on "generic" values obtained from LEPRICON calculations, The reason why
such crude estimates may be sufficient is that only variances Jand
covariances for the C/E ratios are used in the adjustment procedure
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and these are not too sensitive to changes in fluence variances and
covariances, Care should be exercised not to base fluence variances
exclusively on C/E ratios. Good C/E ratios may be fortuitous and do not
necessarily reflect on the goodness of fluences ar energies and locations
that are not covered by dosimetry measurements, Somewhat more conserva-
tive uncertainty estimates for fluences than those obtained from C/E
ratios should be used.

Once all the variances and covariances are determined, LSL-M2 simulta-
neously adjusts as many spectra as the computer memory allows, e.g.,
several in-vessel surveilllance capsules, cavity measurements plus
selected positions insiie the vessel wall, Vaiues with uncertainties for
the adjusted fluences are provided including damage parameters such as
fluence greater than 1.0 MeV or dpa of iron., Inconsistent data are iden=-
tified for further scrutiny. The LSL-M2 procedure has been used exten-
sively for the metallurgical experiments at the Ponlside Facility of the
Oak Ridge Research Rear*ur, Experimental runs with power-reactor data
have also been performed. Included in the LSL-M2 package are cross-
section files and auxiliary programs to facilitate ~cessing.

4,5.2.2, The LEPRICON Adjustment Procedure

Tue LE RICON approach is unique in both the maaner in which tle adjusted
& up tluzes are obtained, as well as in its ability to propagate the
adjustment from the surveillance location to locations in the RPV,
Instead of directly adjusting the calculated flux spectrum, LEPRICON
effectively modities the data used in the transport calculations (e.g.,
cross Jectior~, fission spectra, bias factors, etc,), which then are
responsible {  changes to the calculated spectrum, Correlations as well
48 uncertainties in the calculational and measurement data are considered
in the data adjustment (LEPRICON contains an extensive library of covari-
#nce data built into the code), First-order sensitivity coefficients
stored in the code are used to relate the transport data changes to
changes in the group fluxes at the surveillance location, Correlations
in the fluxes at the surveillance and RPV locations allow adjustments to
be made at the RPV locations as well, As always, the data are modified
to minimize the overall discrepancy in a least-squares sense between
calculated and measured dosimeter results. In ad’ition to considering
the dosimeter measuvements of the actual reactor being analyzed, LEPRICON
also has a library of dosimeter measurements from many benchmark experi-
ments which are included in the simultaneous least-squares adjustment,

Although the transport data are ldjulted to x-prove the agreement at the
surveillance locations, cha'ges in the data used in the transport calcu=-
lations also affect the ~omputed fluxes in the RPV. This simple fact
provides the means for adjusting the {lux spectrum within the RPV; as
mentioned above, modified transport data are used to obtain an improved
estimate for the RPV flux, Theoretically, a new transport calculation
could be performed with the modified data, but this wonld be too expen-
sive, In practice, pre-calculated sensitivity coefficients are used to
relate the changes in the transport data to the deri <4 changes in the
RPV flux spectrum,
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The entire procedure described above is automated in the LEPRICON code.
Thus, the measured and calculated dosimeter activities are input to the
code, and adjustments in the flux spectres at both the surveillance and
RPV locations are output, The LEPRICON approach also has another major
side benefit, Because the code contains an xtensive library of cross-
section uncertainty data (obtained from ENDF/B-V evaluation), it is
possible to obtain a realistic estimate of the uncertainty in the original
calculated RPV fluence as well as of rhe adjusted fluence, The adjusted
fluence, of course, will have a lower unce:tainty than the original
fluence. Recent applications ot LEPRICON to power reactor analysis have
shown that the uncertainty in the estimated RPV fluence is reduced by
about a factor of two with this technique, Furthermore, the uncertainty
in the results is rigorously computed, so that an actual standard
deviation in the fluence can be quantified, This is very important in
assessing the reliability of the transport calculations and measuremeits,
and it ensures that safety margins are more realistic,

Therefore, it is recommended that a least-squares adjustment code such s
LEPRICON be adopted for consolidating the measured and esperimental results,



5. CONCLUSIONS AND RECOMMENDATIONS

Little quality assurance requirements or established guidelines are
currentiy available to ensure reliability in the transport calculations
done by the various organizations performing RPV fluence analysis. The
general methods in use for surveillance dosimetry analysis contain
several assumptions and shortcomings which could, at times, compromise
the accuracy of the resulting analysis, with no estimates readily
available of the uncertainties in or conservatism of the results. Sowe
of these approximations could be especially significant in extended life-
time studies,

This report has outlined specific standardizations and improvements to
the present sethod that could enhance the detail and accuracy in the
results with a modest amount of additional effort, using supplementary
source data already svailable from core-follow analysis, Virtually all
of the recommendations alluded to have already been incorporated into a
series of computer programs written by Oak Ridge National Laboratory
under the system name LEPRICON, This software has successfully been
applied to the analysis of &he Arkansas Nuclear One-Unit 1 and

. B, Robinson-2 reactors.28:29 As well as co the analysis of over
50 benchmark measurements,l%,26,32,33

The methods recommended in this analysis can cnogly accommodate ad hoc
dosimetry placed in the reactor cavity as U!ll.z which is now becoming
more and more commonly used in monitoring RPV fluence reduction measures
adopted for plant-life extension, Simultaneous analysis of dosimetry at
both a conventional in-vessel location and a cavity location has also
been successful,

The need for standardization of data and improved methods having been
demonstrated, it is recommended that a Regulatory Guide be written on
neutron transport calculstions in pressure vessel surveillance dosimetry
analysis, It would describe acceptable methods of analysis and recommend
the use of specific cross-section libraries and other generalized input to
the transport codes, It could also recommend a technique for reconciling
discrepancies between calculated and measured dosimeter activities and
arriving at defensible uncertainties in the fluences at various RPV
locations.
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