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Abstract

The results of the PWR shielding benchmark exercise, initjiated by
NEACRP in 1980, are summarized and analysed by a status report on
nuclear data accuracies in LWR shielding. Seven organisations have
participated in the exercise., In the first part shielding target
gquantities of primary interest have been calculated using the sane
transport code ANISN but eight different widely used versions of
multigroup libraries for coupled neutron and gamma calculations,
Whereas much progress has been made in recent years in calculating
fast neutron fluxes needed for prediction of neutron damage, there
are still large discrepancies in calculating' thermal neutron flu-
xes with considerable consequences for the neutron dose and the
gamma scurces hereof. In the second stage of the exercise detailed
cross-section sensitivity studies have been performed, showing the
importance of partial cross-sections to the target guantities
considered., The final aim of the benchmark exercise was to show,
how we meet the target accuracies required for reactor safety and
radiation protection. Therefore for the first time a complete
uncertainty analysis has been prepared for a typical shield of
light water reactors. The results can serve as basic reference in

shield degign work, where uncertainties are needed and have to be
stated properly.
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1. AIMS OF THE BENCHMARK

In the last years the gtatus of shielding data libraries has been
improved considerably. New informations like cross-section errors
and correlation matrices have been evaluated. Several advanced
multigroup data libraries had been processed and are in use. Since
the first PWR shield benchmark of NEACRP, which had been presented
and discussed on a Specialists' Meeting in Vienna 1976, large pro-
gress has been achieved in analysing uncertajnties.l Therefore

a second intercomparison of PWR shield calculations had been ini-
tiated in 1980 together with a similar activity on fast breeder
shielding.? The specification of this PWR shielding benchmark

is given in Annex I. In a common effort several widely used group
data libraries should be compared and detailed sensitivity stu-
dies should be performed. But the final aim was to produce a
shield benchmark with complete error analysis.

In recent years the target accuracies in radiatijon shielding were .
improved to meet the advanced requirements of reactor safety and
radiation protection. For target quantities of main importance an

error analysis is requested. But this couldn't be performed rigo-

rously. Many assumptions had to be made, resulting in highly

uncertain values of the errors gquoted. Today safety factors are

still applied in shielding, which lead to rather expensive shields.

In this aspect the common effort on shield design benchmarks can

help to quantify the uncertainties for practical shields of power
reactors.

The PWR shield benchmark had been specified for the radial shield
configuration of a 1300 MWs3 Power plant, where measurements

are performed and might be available for comparison with calcula-
tions, The calculations have been made along the midplane of the
active core in one~dimensional cylindrical geometry for a simpli-
fied representaticon as shown in figure 1.

For the second NEA PWR shield benchmark the following three parts

of common work were agreed upon:

- At first an intercomparison should be made of integral target .
gquantities like activation rate, neutron damage rate, gamma
heating rate, and biological dose rate calculated with different
in-~house shielding libraries but otherwise identical input of
the transport code ANISN.

- Then sensitivity studies were requested of the above guantities
to all cross-sections, radiation sources and conversion data,
snowing the details of data reguirements for shielding of light
water reactors,

- Finally an uncertainty analysis should be provided of the above
quantities to all errors of cross-sections, radiation sources
and conversion data resulting in a benchmark with a complete
error analysis needed urgently as basic reference in practical
design calculations.
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2. CALCULATION OF TARGET QGANTITIES FOR SHIELDING

Seven contributions were presented from AAEC-Lucas Heights, AERE-
winfrith, CEA-Saclay, CEN/SCK—Mol, EIR-Wurenllngen, MAPI-Tokyo,
and IKE-Stuttgart.

The results obtained have been related to the IKE values and are
presented in table 1 for neutrons., Eight different libraries have
been compared. The calculations of the fast neutron flux show good
agreement up to the pressure vessel (interval 107}. But outside
the concrete shield {interval 189) the fast neutron dose rate de~
viates already by a factor of two. As has been known, the repre-
sentation of thermal neutrons isn't good in coupled neutron-gamma
libraries. Therefore a special effort has been undertaken in the
IKE results to consider upscattering below 3 eV in 33 energy
groups. By intercomparing all results presented in table 1 the
follow1ng conclusions can be drawn:

- The ENDF/B-5 fission spectrum produces higher values of the tar-
get quantities of +4 % compared to the NBS standard.

~ The Cranberg fission spectrum gives 1ower values of approxima-
tely ~10 % compared to the NBS standard.

- All adjoint calculations, which aren't shown in table 1, give
higher values ranging up to 13 %.76, 7+ 10/ 1t can be assumed
that the forward calculations are more precise.

- For target quantities concerning the fast neutron flux good
agreement is achieved up to the pressure vessel (interval 107)
for all libraries applied..

~ The dose rate of fast neutrons outside the concrete shleld shows
deviations by a factor of two.

- The correct treatment of thermal neutrons in coupled neutron— '
gamma libraries is still a problem producing large uncertainties
in neutron dose; thermal activation and gamma production.

— Both methods of resonance treatment applied in shielding, e.g,
self-sghielding factor or exact 1/0, —weighting of important
components like iron and stainless steel components, are equally
in use. For the target quantltles considered both methods are
well applicable.

- The multigroup in-house shielding libraries compared in the
benchmark exercise concentrate at the 100 group level of EURLIB
or RADHEAT or at 171 groups of VITAMIN-C.

- Since it can be assumed, that nearly all group data used are
based on the same evaluated point data bank like ENDF/B~4 with
eventually some recent improvements, most of the discrepancies
observed have their origen in differences of group data proces-
sing, especially in flux weighting, resonance treatment and
energy gdreup structure, Some effects are due to numerical errors
of the. integration procedures in the processing codes. The
standard deviations shown are a good measure of all uncertain-
ties introduced by group data processing.
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For gamma calculations the participating organizations are listed

in table 2. The results compared are again normalized to the IKE

values, For gamma heatng the values vary between -41 % and +55 %.

The gamma dose rate outside the concrete shield ranges from -30 %

to +62 %. The main conclusions are:

- The gamma field is influenced strongly by uncertainties of the
neutron fluxes and predominantly of thermal neutrons,

- The results depend on the weighting fluxes applied to the low
energy gamma cross-sections, if the group number is small.

- The largest differences are caused by gamma production data.
Therefore updating of gamma production data is very important.

3. SENSITIVITY AND UNCERTAINTY ANALYSIS

Sensitivity studies were performed by AERE-Winfrith, CEA-Saclay,
CEN/SCK-Mol, MAPI-Tokyo, and IKE-Stuttgart,

Inspite of differences in cross-gections used the sengitivities
calculated are similar. In table 3 the total sensitivities of the

responses are given for the most important nuclides separated into

neutron and gamma cross-sections.® For the sensitivities of the
neutron dose to oxygen and iron cross—sections the values given
are upper limits, see also fig. 34 - 39.10 The sensitivities of
each response to the Legendre expansion of the neutron cross-sec-
tions are shown in table 4 for the same most important nuclides.
Finally a series of figures from 2 to 33 is given, which repre-
sents the energy profiles for the neutron responses in the energy
details of VITAMIN-C.7 The conclusions of the cross—section
sensitivity studies can be summarized in the following:

- The cross-sections of the elements H, O, and Fe are the most im-

portant ones for all shielding target quantities. Of secondary
importance are the additional elements of stainless steel like
Ni and Cr, the additional elements of concrete like Si and Ca
and finally U-38 of the core materials.

- For neutron cross-sections the sensitivity profiles concentrate
in the energy range between 2 MeV and 10 MeV. For the neutron

dose rate there is a strong sensitivity peak at the oxygen mini-

mum of 2.3 MeV, resulting in a demand of high accuracy of all
cross-sections at this energy.
- For gamma cross-sections the sensitivity profiles change more

strongly with the shielding target guantity considered. For gam-—
ma heating in the baffle near the core there is a broad maximum
in the upper keV and lower MeV energy range. In the case of gam-

ma heating in the pressure vessel the sensitivity maximum is

shifted to the lower MeV energy range. And finally for the gamma
dose rate outside the concrete shield the energy range of impor-

tance lies between 6 MeV and 10 MeV.

- For both kinds of radiation the expansion of the scattering cross-

-sections is needed up to the P3-moment at least.

91090005



Mainly because of the quadratic addition rule of errors, the big-
gest contributions dominate oVer all smaller portions drastically,
so that the error analysis of" nuclear data for shielding target
quantities can concentrate on the main contributing parts, which
simplifices the work considerably. A _complete uncertainty analysis
has been performed by IKE~Stuttgart 10 The codes ANISN, SWANLAKE
and SENSIT were applied in EURLIB group structure.lls 12,13, 14.

The 30 group COVFILS - covarijance information, based on ENDF/B~5,
was extended to 100 groups. According to the uncertainties given
for the partial cross-sections as well as for the energy distribu-
tion of secondaries (SED) we obtain the results shown for neutron
target quantities in table 5 and for gamma tadrget quantltles in
table 6.

The error contributions Jf the three most important nuclides H, O
and Fe weré considered only. Compared with previous results based
on older covariance informations we get an appeciable reduction of
the uncertainties especially for the contribution of iron. The
highest target accuracies are needed for radiation damage calcula-
tions. For damage further improvements are possible by reducing
the uncertainties of inelastic scattering in iron and of elastic
scattering ih hydrogen. The uncertainty related to the energy
distribution of secondaries (SED) shows clearly the need for ac-
curate gamma production cross-sections of iron, which determine.
the data error of all gamma target quantities essentially. The
contribution of the uncertainties in the fission source and detec-

tor data are approximately the same for activation and damage as
given in table 7.

Finally the total nuclear data uncertainty is summarized in table 3,
Compared with the uncertainties produced by different effects in
group data processing we can conclude, that for target guantities with
high requirements on precision like neutron damage in the pressure
vesgel or activation of detectokrs in surveillance capsules the do-
minating uncertainties originate form nuclear data and not from
processing problems. For calculation of gamma heating the proces-~
sing error gets larger, so that improvements in group structure and
nuclear data processing are needed. But the latter is of extreme
importance in determining the neutron and gamma dose outside the
reactor shield. All multigroup data libraries processed directly
from point data into a group structure of approximately 100 neu-
tron groups underestimate the fast neutron dose cutside the reac-
tor shield by a factor of two. The total uncertainty given in table
8 for the neutron dose does not include the errors of thermal neu-
trons. The deficlencies of the neutron group data observed are re-
stricted to dose calculations outside the biological reactor shield
or to the determination of activated products within the concrete
shield, To describe the penetration of neutrons through 2 meters of
concrete we have to improve the flux weighting for fast neutrons as
well as that for the thermal energy range.
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One can conclude, that the common effort on the PWR shield bench-
mark within NEACRP has shown us clearly, where we meet the target
accuracies in practical shield design and where we don't, For some
target quantities like neutron damage and activation reactions . in
the pressure vessel and surveijllance capsules we have to improve
the data basis, e.g. by adjustment of the iron inelastic c¢ross~
section and its covariance matrix to integral experiments. For
other target quantities like dose or gamma heating we have recog—
nized deficiencies in our libraries, which come from group struc-

tures and group data processing. Improvements of this kind can be
performed easily.
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Table 1: Neutron Target Quantities, Calculated with 8 Different Libraries, Related

to the IKE Values.

4r5l6l718;9,10

Pressure Vessel Barrel Concrete Shield Remarks !
Participating| Damage Rate Neutron Activation| Neutron Dose Fission |Library |Resonance %
(dpa s~ ) (em 3s™ (sv.h™ 1) i
: Fast Thermal
No Organization Int.107 Int.105% Int.72 Int.189 Int.189 | Spectrum| Groups |[Treatment
1 IKE 1.69 -12% 6.57 +5 1.53 +7 {1.23 =5 0,92 -5 | NBS [161n. |opg:1/op~w.
Stuttgart 33n
th
2  BAEC 92 3 108 % 1028 (112 % 193 3 NBS | 40n ;
Lucas Heights : )
|
3 AERE 97 % 98 % 97 2 450 % total NBS i EUR-3 OFe:1/0T—w.
Winfrith 109 % 110 % 105 % 395 % total UKNDL T :1/0, ., —w.
100 i Pe T
4 CEA + 81 ¢ B8 % 90 % 43 3 70 % Cranbergi VIT-C f-factor
Saclay M 82 % 89 % 90 % 44 % 825 % Cranberg| EUR-4
91 % 101 % 99 % 50 % 914 % B-5 | EUR-4 Ope it/ 0pW.
5 CEN/SCK 100 % 101 % 58 3% 100 % 304 % ! NBS VIC-C f-factor
Mol + 104 % 105 % 102 % 104 % 314 % B-5 - | VIC-C
FIR 1
6 96 % 98 § 96 % 46 % 58 % NBS | EUR-4- O 21/9-w.
Wirenlingen IKE e
MAPI
7 98 3% 96 % 95 % 56 % 87 % NBS | RADHEAT |f-factor
: Tokyo 100n
i
3 Average Val. 1.65 -12 6.64 +5 1.51 +7 {0.94 -5 2.54 -5
i Stand. Dev. 6.4 % 5.2 % 3.6 % 36 % 325 %
12

% read 1.69 10~

+ not included in averaging
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Table 2: Gamma Target Quantities, Calculated with 7 Different Libraries, Related
to the IKE Values. 4,5,6,8,9,10

Baffle Barrel Pr.vVessel Concr.Sh.{ Concr. Shield Remarks
Partizipating Gamma Heating Gamma Dose N-Fission | Library
_ (Wem™>) (sv.h™ 1)
No Organization Int.18 Int.60 Int.105 Int.134 Int.189 Spectrum Groups
IKE i - -

1 ‘ 4,21 6.52 -1 2.10 -2 9,88 -6 1.54 -4 NBS 161nf/33nth/367
Stuttgart

2 AAEC' _ _ - _ 130. % NBS 40n/? ¥
Lucas Heights

3  AERE 598 127 % 98 % - 152 % NBS EUR-3
Winfrith '

4 CEA 97 % 79 % 78 3 85 % 79 3 Cranberg | VIT-C
Saclay + 97 % 153 & 105 & 97 % 150 % Cranberg | EUR-4

97 % 155 g 107 % 100 % 162 % B-5 EUR-4
EIR

5 99 % 98 % 93 & 88 % 70 % NBS EUR-4-IKE
Wirenlingen

¢  MAPI 84 3 101 8 99 8 101 & 113 % NBS RADHEAT
Tokyo : . 100n/13y
Average Val, 4.00 7.58 -1 2.09 -2 9.61 -6 1.87 -4
Stand. Dev. 19 % 25 % 5.0 % 6.2 % 34 %

+ not included in averaging
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Table 3: Sensitivity of the Responses to the Cross-Sections of each Nuclide.

Sum over all Groups and Regions

Response Damage rate Activation - Neutron dose Gamma dose Heating rate Heating rate
Nuclide (int. 107) (int. 72) (int. 189) (int. 189) (int. 18) (int. 105)
B -~ 5,20 - 3.1 - 8.24 - 3.97 - (.08 ~- 0.48

~ 0.16 - 0.02 - €.33

0 ~ 1.84 -1.09 - 7.79 - 2.01 = 0.03 = 0.15
- 5.20 - 0.13 - 1.44

Fe n - 1.37 - 1,30 - 4,70 - 1.42 + 0,03 + 0.01
¥ -~ 3,78 - 0.14 - 1,88

Ni - 0.21 - 0.20 - 0.24 - 0.06 + 0.02

v - 0.16 - 0.03 - 0.30
' S1 n - 2.33 - 0.26

Y - 1.79
Ca a - 2,78 - 0.38

¥ - 1,96
Cr a - 0.38 - 0.35 - 0,40 - 0,15 + 0.02 + 0.03

Y - 0,22 - 0.04 - 0.48
U238

- 0.31 - 0.31 - 0.32 - 0.33 - 0.05 - 0.15
- 0.03 ~ 0.74 - 0.35




Table 4: Sensitivity of the Responses

for each Nuclide. - Sum over all Groups and Regions

(in %) to the Order of Legendre Expansion

Besponse Damage rate Activation * ] Weutron dose Gamma dose Heating rate Heating rate
Nuclide — (int. 107) {inc. 72) (int. 189) {int. 189) (int. 13) (snc. 105)
K By - 99,5 - 38,4 - 149.7 - 81.8 - 0.3 - 12,2

P, - 204 - 12,5 - 25.4 - 14.4 0.03 - 0.40
?, - 1.32 - 1.92 - 3.53 - 1.40 0.47
0 Py ~ 434 - 24.8 - 113.0 - 91 -~ 0.16 - 28,5
P, - 8.20 -~ 5.73 - 19,9 ~ 26.5 - 0.15 1.21
?, - 0.58 - .0.89 - 3. -~ 3.95 - 0.02 2.03
Fe By - 4B.7 - 52.4 ©~209.1. - 75.0 3.23 ~20.1
P, - 12.5 1.00 ~ 58,3 - 20,7 -0.29 - 6.51 ¢
P, - 2,74 3,13 - 8.90 - 484 0.02 - 1.82
Ni Py - 9.42 - 7,69 - 11.5 - 5.88 . Q.47 - 4.50
P, - 2.10 0.17 - 3,33 - 1.56 0.04 - 0.88
P, - 0.7 -0.47 - 0.49 - 0,23 - 0.1
si P, - %33 ~ 2.4
B, - 6.77 - 7.5
P, - 0.63 - 1.16
Ca Fy - .45.2 - 24,1
P, - 8.64 - 7.18
e, -~  0.87 - 1.6 _J
or B, - 18,3 - 15.5 - 19,9 - 10.9 0.86 - 7.83
| - 4.08 0,31 - 5,78 - 2.85 0.08 ~ 1,49
e, - 0.32 0.9i - 0.83 - 0.40 - 0.17
138 - '
y Py ~ 6.63 - 6,77 -~ 6.6 - 4.48 -~ 4,12 ~ 2.64
F, 0.96 0.88 1.04 0.49 - 0.03 0.15
P 0.3 0.26 0.34 0.12 - 0.09 0.02
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Tahle 5: Relative Standard Deviation

{1a)

for Neutron Quantities due to Partial

Cross-Section and S8ED Uncertainties

Cross—Sectign Fe—AcEZ;;EESEm_ 5‘“5;35211;; Damagemﬁwm— Neutron Dose
Type (Barrel, Int. 72) (RPV, Int. 107) {Concrete, 189)
H-1  0-16 Fe ‘' H-1  0-16 Fe H-1  0-16 Fe
= 2.54 1.3 O.98Aﬁ74.14 2.26 1.24 4.95 7.71 3.33
SED (n,n) - - - 2.28 1.58 - 5.93 7.79 -
O - 1.35 4,49 - 2.45 4.36 - 2.78 7.56
SED {n,n'") - - 1.47 - 0.06 2.46 | - 0.09 5.58
on’p - Q.95 - - 1.57 - § - 0.04 -
Cross-Secticn Error 2.54 1.43 4.03 4.14 2.31 3.8;“—€4.95 7071 6.9
SED Error - - 1.47 2.28 1.58 2.46 55.93 7.79 5.58
Partial Sums 2.54 1.43 4.29 4.73 2.8 4.60 :7.72 10.96 8.87
Total Sum 3 5.19 7.17 @ 16.1
: _

A
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b

Relative Stan!ard Deviation tio} for Gamna Qua!l!ties

dus to Parviail

Teble 5
Cross—-Section and SED Uncertainties
Cross~Section Gamma Heating Gamma Heating Gamma Dose
Type (Barrel,Int. 18) i (Cladding, Int. 105)] (Concrete, Int. 189}
H-1 0-16 Fe | H=-1 0-16 Fe H-1 0-16 Fe
Neutron ‘
Q’n 0.07 0.03 O-OS 0.31 0.18 . O.'].O 3.03 2.83 1.90
"SED {(n,n) 0.98 1.10 - 1.85 1.69 - 5.97 5.31 -
oy - 0.0  0.01 - 0.05 0.01 - 1.49 4,10
n
SED (n'n.) - — 0011 -— bl 0.30 - O-OS 3.79
o, . 0.01 - 0.71] 0.07 - 0.64 | 0.18 - 1.65
_l
N-Gamma-Prod. ?
SED (n,y) - 0.0 3.36 - 0.06 7.32 ; - 0.03 7.95
Gamma | f ' 5
9¢ Uncorr. i 0.01 0,04 0.04: 0,08 0.36 0.54 - - -
% (+1)-Corr. é 0.01 0.13 0.15} Q.32 1.49 2.09 0.15 4.58 3.53
SED (y,v) | 0.05 0.35 0.60! 1.51 6.13  3.89 1 0,10  4.95 0.99
Total Error é_— }
(+1)-Corr. i
Cross-Sec¢. Error 0.07 0.14 O0.73 0.45 1.50 2.19 : 3.04 5.38 5.37
: {
SED Error 0.98  1.15  3.41] 2.39 6.35 8.29 | 5.97 7.25 8.86
Partial Sums 0,98 1.16 3.49 2.43 6.53 8.58 | 6.70 9,04 10.36
"Total Sum % 3.81 11.05 Al‘ 15.30
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Table 7: Relative Standard Deviation from Source

and Detector

Uncertainties
Fission Source Detector
Neutron Gamma - Data
Activation Int. 72 4.64 - 4,22
Int. 105 4.70 - 4.15
Damage Int. 107 4.73 - 3.06%
1
Heating Int., 18 2.21 2.98 - :g
Int. 105 3.03 1.54 -
I
Neutron Dose Int. 189 4.69 - -
Gamma Dose Int. 189 4,26 0.11 -

*hetermined with regard of the error correlation between the
elastic and inelastic part of the iron displacement cross
sectlion. (Error contribution from the elastic part: 3,21 %

and from the inelastic:

1,13 %)



Table 8: Total Uncertainty of Shielding Target Quantities from Nuclear Data and
Data Processing Errors for the NEA PWR Benchmark

Fe-ActivatJRad.Damage Négtron Ggggg Gamma Heating
_ ose , - )
{Barrel) (RPV) [Concrete) |[(Concrete) (Baffle) [(Cladding)
Cross~Section + ‘
SED Error 1,47 3,71 11,27 12,91 3,73 10,71
Source Uncer- . 3 .
tainty 4,64 4,73 4,69 4,26 3.77 3.40
Detector Un-— +
. certainty 4.22 3.06 - - - -
.Total Nuclear . e
bota Ermer 8.14 7.70 16.75 15.87 5.36 11.55
Group Data .
Processing Error 3.6 6.4 36 34 19 5_
Total Uncertaintyl 8.9 10.0 - 40 38 20 13

+ (=1) —correlated (4.81 %)

91006016
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Geometrical HModel of the Radial Shield Lavers Considered in the NEA
Benchmark for a PWR, 1300 Mwel

Fig. 1:



- 17 =

- AL ¥ . ¢

SENSITIVITY OF FE-S4{N.PIHN-B4 RCT. TN INT.72 TO MYOROGEN CROSS-SECTIONS
I 0 1 1T 17T T 11 i i 1 171 1. 1 I

TY PER UNIT LETHRROY ((OR/RY/FOY7Z)I/A1)

R S Tt S R ekt
. ur E o W b ‘E ERG‘! (HE\}!

' ss‘nls';fi.lxvit?. OF FE-S4(N.PIHN-54 RCT. IN. INT.72 .10 OXYGEN CROBS-SECTIONS

_““‘ 1 1 i I G A S A U I L O R T A e A
= i .
T T I
bl
S . -
C ol |
[« 4
[ )
S -
-~ -
o
- .
pr od
L
St .
Z . —
-4
Sad
Yo
ol -
=102
- ~
2 s —
ke
-
-2 . —t
SG—T£ z[: fg-a£ 5 'I-s% 5 4; zz L lrl 5 ; [ &
1 iT T 8
' ‘Eneasv msﬂr o 1 !
Fig. 3
i o P

et - 91090018
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1 Introduction

Thé PWR shield benchmark /1/ presented in 1976 has been revised
and extended to demonstrate the present status of nuclear data in
use for practical shield design. The nuclear data in use have been
inmproved steadily, but for some shielding guantities the target accu-
racies have been also increased. This second intercomparison of a
PWR shield calculation within the NEACRP will show, where we meet
the advanced requirements of reactor safety and radiation protection

and where further improvements are needed urgently.

2 PWR System Description

The radial shield of a PWR (1300 Mwel) has been chosen as design
benchmark, Fig. 1 gives a cross-sectional view of the reactor core,
core baffle, core barrel (thermal shield), and reactor pressurz vessel,
The core contains 193 fuel assemblies with 103 t of uranium 3,2 % en-
riched and 61 control rods. Water serves as a coolant and as a moderator
at a pressure of 158 bar with 291 °C inlet temperature and 326 2C out-
let temperature. The active height of the core is 3,9 m and the radial
diameter 3,45 m along a main axis. The thermal shield is a stainless
steel cylinder with an inner diameter of 4,21 m and 8 cm thick. The
reactor pressure vessel with inner austenitic cladding has a diameter
of 5 m and a total thickness of 25,6 cm. The pressure vessel is sur-
rounded by thermal insulation and the primary ccncrete shield is nor-
mally designed in two separate layers with a total thickness of 1,95 m. .

/1/ G. Hehn, J. Koban
Reactor Shield Benchmark No. 2
ESIS Special Issue No. 4, 1976

9109004 1
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3. _Model Description,Material Composition, and Source Data

The radial dimensions of;a one-dimensional cylindricai con-
figuration are given in table 1 and the material compositionsin
table 2. The composition‘giﬁén for normal concrete corresponds
-to a mass density’g = 2.27 g/cm3 with 3 % water content in dry
concrete according to the standard DIN 25413. In the transport
calculations the air interval 189 can be considered approximately
as belonging to the concrete zone using'a denéity reduction of
10"20 for this interval in ANISN. Table 3 shows the power dis-
tribution in the outer core region‘containing three rows of fuel
assemblies as indicated in fig. 1. This outer core region gives
a good representation of the radiation sources needed for shielding °
calculation. In table 4 a proposal is made for the local mesh dis-
tribution along a radial main axis. For having identical normali-
zation of the neutron and gamma sources in the coré, the absolute
power density in W/cm3 should be used with the assumption of 194 MeV/
fiséion._For the EURLIB multigroup structure with 100 neutron groups
the neutron fission spectrum are given in table 5 containing the
proposal in ENDF/B-V as wéll_as an evaluation of NBS/Washington,
for which error estimation is supplied /2/.

The neutron yield per fission reaction is then

Y (E) V- X(E)

with vy

2.419 for thermal fission of U-35

The total gamma yield (prompt and delayed) pér fission reaction
as'well as the better known bprompt component are given in table §
for the group structure of 20 gamma groups in EURLIB. The spectral
shape was taken from the ORIGEN-2 library /3/ normalized to the
newest data of Sher /4/ with integral error information.

—— b A A —

/4/ R. Sher
Fission energy release for 16 fissioning nuclides, BNL-Workshop

_ y__gx__rE:valuation Metheds, Sept. 22-25, 1980 91090042
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is needed in routine design S$8/Pl3-approximation with an in-
creased point convergence of 10-5 and left boundary condition

I8L = 1 and right boundary IBR = O. For intercoemparison the

54Fe (n,p)54Mn in the barrel ma-

terial near the surveillance capsules (interval 72) and in the

pressel vessel cladding {interval 105) for comparison with
Production rate of neutron damage in the pressure vessel as .
displacement rate per atom (dpa/s) at interval 107,

Gamma heating rate (W/cm3) in core bhaffle (interval 18},

core barrel (interval 60), pressure vessel {(interval 105)

4. Alms of the calculations

4.1
following quantities should be provided:
: \ . -3.-1

4.1.1 Activation rate {(cm °§ ') of
measurements in the future,

4,1,2

4,1.3
and concrete shield {interval 134).

4.1.4

Bioleogical neutron and gamma dose rate (Sv/h) at cuter side
of the concrete shield (interval 189).

The fission spectrum of NBS should be taken primarily, because it

allows an error consideration of all target guantities. The ENDF/B~5

figsion spectrum is within the error given and can be taken optional-

ly for comparison in a second forward calculation but not for sensi- .

tivity and error determinations. The effect of a higher calculational

effort like 816/P5 - approximation will be supplied for comparison

and mustn't be studied.

s o ey e e g et

/2/ J. Grundl, C. Eisenhauer, E. Mc Garry
Benchmark Neutron Fields for Pressure Vessel Surveillance
Dosimetry, NUREG/CR-0551

/3/ A. G. Croff, R. L. Haese, and N. B, Gove, Uodated Decay and
Photon Libraries for the ORIGEN Code, ORNL/TM=-6055 (February 1979).

91090043
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4.2.2
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——-———n—--———-m—-—-—.q—m

a) damage.rate_at 1nterva1 107

b} activation rate at interval 72

¢) neutron dose rate at interval 189
and for gamma target quéntities:

a) gamma dose rate at interval 189
b) heating rate at intefval 18

c] heating rate at interval 105

Detérmination of the imébrtance of the cross sections for
different nuclides. Total sensitivity to neutron cross sec-
tions and total sensitivity to gamma cross sections of the
-different nuclides present summed over energy groups and
spatial zones.

Datermination of the importance of angular moments. Sensi-
tivity to Legendre moments of neutron and gamma cross sec-
tions {(percent change to P —approximation) for the different

nuclides present summed over energy groups and spatial zZones.

Determination of important energy ragions. Cross section

" sansitivities per unit lethargy (energy profiles) for the

different nuclides present summed over spatial zones.

Calculatlon of the relatlve standard deVLatlon for neutron

— e s — G m— w— ——"-q...—n----—-—p

— e AR S e e s wme et pn — e e o e T Ak e e

Datermination of the error contribution from source data un-
certainties, e.g. resulting from the NBS error estimate of
the neutron spectrum for thermal fission in U-235 as given
in table 8.

Determination of the error contributions from neutron cross
section uncertainties with available error covariance matrices

of the nuclides H and O in EURLIB structure and Fe and U-238
ia 26 group COVERX structure.

9109004 4



4.3.3 Estimation of the error contributions from the nonélastic
neutron cross secticon of the nuclides Cr, Ni, and Zr with
the help of the nonelastic covariance matrix given for Pe.

4.3.4 Inclusion of the error from detector cross sectlion uncer-
tainties e.g. for the elastic and nonelastic part of the
iron displacement cross section as well as for the activa-

tion data from ENDF/B-5~Dosimetry File.

4.4 Estimation of the relative standard deviation for gamma

S A et wTEE e EmE e L WA mAm W e e e e e — e e e e mmm mehd e el AR s amn

-.-.—--—---.-.-.-—-—-.—._..--—_..—--_.-—_-—_.——-—

4,4.1 Determlnatlon of the error contribution of the neutron field
according to 4.3.1, 4.3.2, and 4.3.3, '

4.4.2 Free estimation of the error contribution from the gamma
fission yield and the gamma production data stating the
asgumptions made.

4.4.3 Free estimation of the error contributicn from gamma cross

sections stating the assumptions made.

5 Presentation of the final results

For easy intercomparison the final integral target values should be

given together with their total data uncertainties in tabular form

as shown in table 9. Then the partial data uncertainties (in relative
standard deviation) can be reported according to table 10 and 11. .
Finally in similar tables the integral sensitivities according to

4.2.1 and 4.2.2 can be stated and for the most important nuclides

enerygy profiles according to 4.2,3 can be plotted. All assumptions

made in the error analysis should be mentioned,
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Table 1 Radlal dimensions along a main axis with simplified
| concrete shield ' :

Zone Zone radius = Zone thicKness
fem] [ca]
Reactor core 172.5 -
Core baffle 174.8 2.3
1. Water layer 210.5 35.7
Core barrel 218.5 8.0
2. Water layer . 250.0 o 31.5
Austenitic cladding | 250.6 0.6
Pressure vessel 275.6 25.0
Concrete shield 470.6 195.0
Air - 471.0 0.4



4v0060L6

' Core baffle
Zone Reactor core Core barrel Press. vessel 1. Water layer 2. Water layer Concrete shield
Aust. cladding
Nuclide
H 2.77 E-2 - - 4,92 E-2 4.98 E.2 4.41 E-3
0 2.68 E-2 - - 2.46 E-2 2.49 E-2 4,78 E-2
B-10 2,75 E~6 - - 4.86 E-6 4.90 E-6 -
Al : - - - - - _ 2.45 E-3
Si - - - - - 9.44 E-3
Ca - - - - - 6.61 E-3
Cr 2.00 E-4 1.69 E=2 - 3.00 E-4 - - -
Mo 1.27 E-5 1.12 E-3 7.40 E-4 - - -
Fe 5.23 E-4 5.88 E-2 8.30 E-2 - - -
Ni 2.%6 E-4 8.54 E-3 6.44 E-4 - - -
2r 4,29 E-3 - - - - -
U-235 2.10 E-4 - - - - -
U-238 6.28 E~3 - - - - -

Table 2 Material composition ['1024 cm-?]

_917_
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Iable 3 Power distribution in outer core region
( 3 rows of fuel assemblies ) along a
redial main axis

Interval Radius Interval Power
number [cmﬂi_ _ centre [W/cmﬂ
1 103.5 105.8 89.54

2 108.1 110.4 89.26

3 112.7 115.0 89.35

4 117.3 119.6 89.35

5 121.9 124.2 89.%5

6 126.5 128.8 78.63

7 131.1 133.4 75.95

8 135.7 138.0 74.20

9 140.3 142.6 73.64

10 144 ,9 147.2 74,66

11 149.5 151.8 97.02

12 1541 156.4 93.32

13 | 158.7. 161.0 84,92

w o 163.3 , 165.6 71.15

15 167.9. 169.05 55.44

16 170.2 170.85 45.28

17 171.5 172.0 37.42

172.5
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- &8 -

Table 4 Proposal of a local nesh distribution along a radiegl

main axis

Zone and total Number of Thickness of Radius
number of intervals interval [en]
intervals caj
RHeactor core - - 103.5
14 4.6 167.9 .
1 2.5 17G.2
1 1.2 171.5
17 1 1.0 172.5
Core baffle
1 0.4 172.9
3 0.9 1744
5 1 0.4 174.8 .
1. Water layer
4 0.5 176.8
2 0.6 178.0
8 1.0 186.0
9 1.5 199.5
8 1.0 207.5
2 0.6 208.7
2 0.5 209.7
37 2 Q.4 210.5
Core barrel
2 0.4 211.3
2 0.5 212.3%
4 0.7 213.0
% 1.0 516.0
1 0.7 16.7
2 0.5 217.7 .
13 e C.4 218.5
2. Water layer
2 0.4 219.3%
2 0.6 220.5
e 0.8 222.1
) 1.0 2271
1 1.15 228.25
8 1.5 240.25
1 1.15 201 .4
5 1.0 2464
2 0.8 248.0
2 0.6 249.2
A2 2 0.4 250.0

cont.
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Table 4 (continuing)

Zone and total Number of Thickness of Radius
nunber of intervals interval [cm]
intervals - _ [cm]
Cladding ,

2 2 0.3 250.6

Pressure vessel

1 0.3 250.9
1 0.45 251.35
1 0.6 251.95
3 0.8 254,35
5 1.0 259.35
) 1.5 266,85
5 1.0 271.85%
3 0.8 274.25
1 G.6 274.85
, 1 0.45 275.3
27 4 0.3 275.6
Concrete shield .
1 O.4 276.0
1 0.8 276.8
1 1.2 278.0
1 2.0 280.0
2 3.0 $ 286.0
44 4.0 462,0
1 3.0 465.0
2 2.0 469,0
1 1.0 470.0
55 1 0.6 470.6
Air
1 : 1 0.4 471.0
IM = 189

91090050
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Neutron fission spectrum of U-235 for 100 neutron groups
(EURLIB) as given by NBS /2/ and fron LEMDF/B--5

E-5
X &

NBS

X &

E-5
X &

NBS
X g

oo -NE N o SRR JIVVRN S

5.34342E-0%
1.42717TE~Q4
3.39310c=04
1:28119¢=04
1.542673¢8-03
2435189E£-933
Ha273494E-03
2.99330E=-23
3.66264E=013
604553?5‘03
5.32057E~03
1.35501E=-02
1.79336€-02
1.071532~-02
11914%5E=-02
2. 7564640E-32
3.22774E-02
3.66740QE~02
h,04579E=-02
£,361028-22
4,58447E~-02
2.34987E-32
2437079E~02
b,7TTLETE-Q2
4¢75238E=-02
4445969E-02
£,49333E=-02
.31742E=D2
4407315%=-u2
3,81172E=32
3J54911E-02
3.2%5380E-02
2+499250E-02
2,72282€E=-32
2+46509&=0Q2
2.21379E=-22
1.98958¢€-02
1.77273E-02
1.58019E~0Q2
1039995&‘02
1.23386E-22
1.09234£-22
9.615650E~23
3.438346-03
T.33522:-013
H.4716%5E-03
50547535-03
§,32327E-23
$.287437€e-03
3,73358€~03

5.4339LE~-05
1,4%1883€E-04
3.30155¢-04%
§,97937E-04
1.35993€e-03
2445474E-013
$,10523¢~03
2589?5LE‘03
3.57130E-03
He3T053E-013
5,26593E=-03
1.33758E=02
1.,76133€~02
1.03095E8-02
1.16097¢£~62
2,52593E~92
3,06273E-Q2
3.47603E-02
3.33956E~-02
%,15167£-02
h433925E-02
2.25047E-02
2425333E=02
%,51816E-02
4.63250£-02
45,97517£-02
4,53581E-Q2
4.23352€-02
4,05027€~-02
3.831562€E=-02
3.550908~02
3,.23507E-92
3,03057E-~02
2.77968E~02
2.55454€E=-02
2.33707¢~02
2.1201%€-02
1.32240E-02
1,.,73073¢&~-02
1.990857E-02
1.38%503E-02
1.23221€6-02
1,0934%5%£~02
F.E5680E-u3
8.51203€-41
Te2l592E-023
b.37251E-013
5.478856~u3
4,71154£-03
$.05279E~-013

51
52
i3
54
535
56
57
54
59
60
61
62
63
bh
65
66
67
43
69
7Q
71
72
73
74
75
78
7
78
79
80
81
82
83
84
85
85
a7
88
89
99
91
92
93
9%
93
74
97
98
93
100

3.26165E-03
2+31275£~03
2sﬁ45QaE-O3
%e77215E-03
3.32300£-03
2031397&-03
1.692118-33
110392€-33
5e4345948~0%
131353E~09%
1.422320E-04
1.6537T1E-04
2.39760€E-0%
3.547302€E-04
2+51100&-04
1.729328~04%
141323136~-04%
§.192438~-09
5.,53232E-U5
3.87573€~05
2:¢66437E~05
1.83312£-35
1425335£-05
846336505
5e933L7£2-06
§,03024E~35
2.31377e-06
1.93351€-06
1432375E~-36

9,13397¢~07

6+21704E-27
4.31687¢€-037
2.96665E~07
2.03923E-07
1499107E~07
F.62751€~08
6:62033¢~03
h.594746E-28
3,12541E~038
2:15366£~348
l.675463E-28
1.71301E-38
4479515E~29
5.54006E-09
24525875-99
1.24031E-09
5¢38146%65-10
3.07+88¢c-10
1.00030E~10
lel7LL1E-L0

3.483048-03
2+79242E=-43
2.53Q63E-0)
Hha9Hh97LE-03
3.40807¢g-03
2433824¢-v13
1.602932-03
l.lOlOlE*u:i
H+23743E~Q4
La2315LE~0Q%
1.20163€E~d%
1,033316~34
2436837¢&-uh
3,55279E2~ub
2.54223c-0¢%
1.68049E~04%
1.15426c~ud
7.93249¢-G5
5,44777E~05
3,74305¢£~-05
2.97329¢-09
1.76910E-05
le2l363E-05
3,34993¢£-06
3.745296-008
30?§263E“0§
2+.711slE~-Co
1.868332¢-06
1,28032€~0%
§.305265-07
6.,047858=-07
Hy15689E-07
2435774E~07
1.5364350£-07
1e34366E~07
F2TS50LE~08
4.,330422-03
3.01059£-08
2.07163£-09
le#42222¢-03
1,55305€~08
,51889E8-09
5.39563¢£~99
2e22939E~09
1.19330e=-09

5.84535£-10

2.95134€-10
F.50061E-11
l.12883¢~10

51090051



Table_ﬁ

group g energy MeV

O @O W

Total and prompt fission gamma yield - spectral
shape from ORICEN-2 /3/ with normalization of
total yield corresponding to .13.3 MeV/fission

w 51 =

and of prompt gamma yield to 6.97* o0.50 MeV/fission /4/.

104OE+07
1.20E+07
1.00E+07
8.00E+06

6.508"‘06

5,00E+06
4.0CE+06
3.00E+06
2.50E+306
2.00E+04
1.66E£+06
1.33E+05
1.00E+08
8,00E+95
6,00E£+05
4,00E+05
3,00E+05

2.00E+05

1,00E+25
5.00E+04
2.00E+04%

Q.

1.00635£~04
1.74763E~013
8.13569E=013
4e17365£~-02
1,02354E~0)
3,044929€~01
3432314E~01

5.73138¢E-01L -

6,11931E~01
8.86953E-01
1.55737€+00
1.49589E+00
2.13483E+00

2439936E+00 -

1,19951€+00
1,19951E+00
1.14553€+00
6.49288E~01
3,39573E~91

total yield prompt yield

Ce ’
5.25132€=-03
9.11951E~0a
42.24589E~-03
2+.17790E~-02
5¢3%104E-02
1.53857€-01
Le73403E=01
2:93075E-Q1
3,19318E~01
4»6233OE“OL
8.12608E-01
7.83537€£=-01

1.11400€+G0

1,25230£+00
6.25929E-01
6.25929¢-01
5.97762E-01
60“9258E-01

3.89273E-01%

91090052



Group

=~ - B T - R I A R X

52

TABLE 7 — Energy Timits of oneryy greups: EUNLIB structura

100 Groups

Evergy range

%.3499€ 07 - 1.4918€ 07
1.2214E 07 — 1,3499€ 07
1.1052E 07 — 1.22¢3E Q7
1.0000E 07 — 1.1052E 07
9.0484F 06 ~ 1.00GOE 07
8.1873E 06 ~ 5.0484E 0§
7.4082E 06 — 8.1873C 08
7.0469€ 06 — 7.4082E 06
§.7032E 06 — 7.0159E 06
8.3763E 06 — 5.7032€ 06
8.0353E 06 — 5.3763E 08
5.4B31E (6 — 6,0653E 06
4.5659€ 06 — 5.4831E 05
4.7240€ 06 - 4.0659E (5
4.4933E 06 — 4,7240E 06
4.06G57E 03 - 4.4933E 06
3.6788E 08 — 4,0657E C6
3.3287E 06 — 3.6788E ¢S
3.0112E C6 — 3.3287E 0B
2.7253E 06 — 3.0112E 06
2.4660€ 06 — 2.7253E 06
2.34560E 06 — 2.4660E 08’
2.2313E 06 — 2.3460E 06
2.0190E 06 — 2.2313E 06
1.82685 06 — 2.0190E 06
1.6S2CE 06 — 1,8768E 06
1.4537E 05 — 1.8B30E 06
$.3524E 06 ~ 1.4457E 08
1.22468 06 — 1.3534E 06
1.1080F 06 — 1.2246E 06
1.0026E 06 — 1.1080E 06
£.0718E 05 — 1.0026€ 06
B.2035€ 05 — 9.0718E 05
7.4274E 05 — 8.2035E 05
6.720GE 05 — 7.4274E 05
6.0810€ 05 — 6.72C5E 05
£.5023€ 05 ~ 6.03108 05
4.0787E 05 —~ 5.5023E 05
4.E043E 05 ~ 4.9787E 05
4.0762E 05 — 4.5049E 05
3.6883€ 05 —~ 4,0762E 05
3.3373€ 65 ~ 3.6883E 05
3.0197E 05 — 3,337JE 5
2.7324F (5 — 3.0197E 05
247248 G5 — 2,7324E 05
2.2371€ 05 - 2.4724E 05
2.0242E 05 — 2.2371E 05
1.6316E 05 — 2.0242€ 05
1.6573E 05 = 1.5316€ 05
1.450GE 05 — 1,8573E 06

Group

61

&8I

E6
57

55
60
61

8&2387

87

69
70
7t
72
13
74
75

g3 3

GeEB8eBE

&5

SEREE

o9

100

100 Group
Ensrgy rangs

1.3569E G5 -- 1.4996€ 05
1.2277€ 05 ~ 1.3569E 05
11109E Q8 — 1L.22717E Q5
855175 04 — 1.1109E 05
5.737GE 04 - 8 5S17E 04
5.2475€ 04 ~ 5.7379E 04
4.0863E 04 ~ 5.2475€ 04
3.1328E 04 — 4.0058€ 04
2.6050€ 04 — 3.1828E 04
2.4788E 04 — 2.60508 04
2.3570€ 04 ~ 2.4788E 04
2.1870E 04 — 2.3570E 04
1.9305E 04 ~ 2.1870€ 04
1.5034C 04 — 1.9305€ 04
1.1709E G4 ~ 1.5034E 04
£.1183E 03 — 1.1709E 04
7.1017E 03 — 9.1 183E 03
5.5308E 03 — 7.1017€ 03
4.3074€ 03 - 5.5308E 03
3.3546E 02 — 4.3074E 03
2.6126€ 03 — 3.3546€ 03
2.0247E 03 — 2.5126E 03
1.6846E 03 — 2.0347€ 03
1.2341€ 03 — 1.5946E 03
9.6112E 02 — 1.2241E 03
7.4852€ 02 — 9.5112€ 02
5.8295€ 02 — 7.4852F 02
4.540CE 02 ~ 5.8295€ 02
3.8357E 02 - 4.5400E 02
2.7536E 02 — 2.5357€ 02
2.1445E 02 — 2.7536E 02
1.6707E 02 — 2.1445€ 02
1.3007€ 02 — 1.6702E 02
1.0130E 02 — 1.3007E 02
7.56893E€ 01 — 1.0430€ 02
6.14.42E 01 - 7.8893E 0F
4.7851E D1 — 6.1442E 01
272578 01 - £.7651E 0%
2.9023E 01 - 3.7267E 0}
2.7603E 01 ~ 2.9023E 01
1,76G3E D1 — 2,2603€ 01
LO677E Q1 — 1, 7G03E Ot
8.3153E 00 ~ 1.C577E 0Y
5.0435E O — 8,3153E 00
2.0592E CO ~ 5.0415E 00
1.8554E 00 — 3.0592E 00
1.1254E 00 — 1 8654E 00
£.25C0E-01 — 1.1254€ €I
4.1399E.01 — 6.26006-01
10000205 - 4,11952-01
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Table 8: Error estim.ates for neutron fission s'pectrucﬁ

of U-235 2/
Group 1G (%)
1 - 6 543
7 - 17 4.8
18 - 22 2.0
23 - 27 3.1
28 - 33 3.0
34 -~ 45 4,1
46 - 74 16,0
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Table 9 Integral target quantities with errors

Interval No.
18 &0 72 105 107 134 189

'Y

S A
-
£ W o oo

NN N A
-
W s

activation rate |em™> s

NBS - fission spectrum X X
rel stand. deviation [%} L (X
ENDR/B-5 fisgsion spectrun (L) X

other values eventually

damage rate [dpa/@
X
£
()
gamma heating rate |[W/em?)
X X X X
(X X ()
(X (X) (%)
neutron dose rate {Sv/h]
X
X
© o
gamma dose rate {Sv/h]
X
)4
(X)
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Table 10 Relative standard deviation resultihg fronm
source and detector data

% error contribution
fission source detector
neutron/gamma data

2. damage

activation
1.1 at interval 72
1.2 at interval 105

3. gamma heating . :
3.1 at interval 18 |
3.2 at interval 105

4, ' neutron dose

5. gamma dose
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Table 11 Relative standard deviation resulting from important
partial cross sections of the most lmportant nuclides

relative standard deviation %
nuclide|reaction] activation | damage gamma heating neutron | gaama
type at int. 72 at int.18jat int.105 dose dose
Fe Gﬂl
GX
Syprod.
Crp
tot.err. ‘ ‘
H (fn
thp'rocl. :
tot.err. ' :
° | 5
s §
n' ; )
Gn;P g
Joprad. f
Gy ¥ i
tot.err. ; i
g-238 | i | | |
Zr ; | ‘ i "'
Cr ; '; f
Ni j ‘ i
Ca } i %
' r . * 5
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