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Abstract

Coupled Neutron Photon Group Constant Library in the GRUBA Format and first Appli-
cations in Transport Calculations.

Abstract.

Coupled neutron photon group constants have been calculated for some isotopes taken
from the European files EFF (Evaluated Fusion File) or JEF (Joint Evaluated File). The
photon interaction group constants are based on the DLC99/HUGO file. An energy group
structure with 100 neutron groups and 23 photon groups going up to 17 MeV has been
used. The group constants have been calculated by NJOY-89.62 and transformed into the
GRUBA-format which was developed at KfK. This format is connected to nearly all dif-
fusion and transport codes in use at KfK. Former GRUBA libraries were restricted to
neutron group constants, on the new library photon production and photon interaction
cross sections are stored additionally. For the connection of this new library to the
reactor calculation codes the GRUCAL controlfile (Steuerfile), which manages the calcu-
lation of the mixture dependent macroscopic cross sections, had to be extended to treat
photon reactions. First test calculations have been carried out using the Sy - code
ONEDANT. Comparisons with results obtained from other group constant sets and com-
parisons with measurements are given in this report.

Gekoppelte Neutronen- Photonen- Gruppenkonstanten- Bibliothek im GRUBA-Format
und erste Tests in Transportrechnungen.

Zusammenfassung.

Fir einige Isotope der europadischen Bibliotheken EFF (Evaluated Fusion File) und JEF
(Joint Evaluated File) wurde eine gekoppelte Neutronen- Photonen- Gruppenkonstan-
ten-Bibliothek gerechnet. Die Photonen-Wechselwirkungsquerschnitte basieren auf dem
DLC99/HUGO File. Es wurde eine Gruppenstruktur mit 100 Neutronen- und 23 Photonen-
gruppen gewdhlt mit 17 MeV als oberer Energiegrenze. Die Gruppenkonstanten wurden
mit dem Programm NJOY89.62 erstellt und in das bei KfK entwickelte, sehr benutzer-
freundliche GRUBA-Format transformiert. Das GRUBA-Format ist mit fast allen Diffusions-
und Transportcodes verbunden, die bei KfK benutzt werden. Die bisherigen GRUBA-Bi-
bliotheken waren auf Neutronengruppenkonstanten beschrénkt, die neue Bibliothek ist
die erste, auf der auch Gruppenkonstanten fiir Photonen gespeichert sind. Fur den
AnschiuB der neuen Bibliothek an die Programme zur Reaktor-Berechnung muBte der
GRUCAL Steuerfile, der die Berechnungsvorschriften fir die mischungsabhingigen ef-
fektiven Wirkungsquerschnitte enthalt, ebenfalls auf Photonenreaktionen erweitert
werden. Erste Testrechnungen wurden mit dem Sy - Programm ONEDANT durchgefihrt.
Dabei wurden Vergleiche mit Ergebnissen von anderen Gruppenkonstantensitzen und
Vergleiche mit Messungen durchgefiihrt.
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1. Introduction

The main goal of the work described in this report was to provide a coupled
neutron photon group constant set in the GRUBA format /10/ which was devel-
oped at KfK and is very flexible and comfortable to use.

The group constants for the new library, which will be called NEUTPHOT library in
the following, have been calculated with the nuclear data processing code
NJOY-89.62 /1/ and transformed into the GRUBA format by the programs JOYFOR
/11/ and MITRA /12/. Special extensions of JOYFOR and MITRA had to be carried
out during the work for the new group constant set. The programs and data used
for the calculation, the testing, the management, and the application of the group
constant library are briefly described in “ 2. Overview of the Programs and Li-
braries used for the Generation, Testing, and Application of the Coupled Neutron
Photon Group Constant Set”. The present status of the NEUTPHOT library is dis-
cussed in “ 3. Brief Description of the Present Status of the Coupled Neutron
Photon Group Constant Set NEUTPHOT”.

For the calculation of the mixture dependent macroscopic group constants start-
ing from the microscopic group constants stored on the GRUBA library the
program GRUCAL /14/ needs a control file (Steuerfile) with the formulas used in
the calculations. Former Steuerfiles were restricted to neutron interaction re-
actions; the extension of the Steuerfile to photon production and photon inter-
action reactions is discussed in “ 4. Extension of the GRUCAL Control File
(Steuerfile) to Include Photon Production and Photon Interaction Reactions”.

In “ 5. Results of the First Test Calculations using the Transport Code ONEDANT”
first tests of the NEUTPHOT library in calculations with the Sy — code ONEDANT
/15/ are carried out in spherical geometry. The calculations are compared to
results obtained with other group constant sets. In “ 6. Application of the New
Group Constant Set in the Analysis of y - Ray Heating Measurements” gamma-ray
heating rates in a sphere of stainiess steel with a 8°Co source or a 137Cs source
are calculated and compared to measurements and calculations published in
/26/. Satisfactory agreement is found.



2. Overview of the Programs and Libraries used for the
Generation, Testing, and Application of the Coupled
Neutron Photon Group Constant Set

The programs that are used for the generation, transformation, testing, plotting,
and application of the coupled neutron photon group constant set are shown in
Fig.1:

NJOY-89.62 /1/ is used for the generation of the group constants starting from
nuclear data libraries in ENDF/B-V- or ENDF/B-VI-format /2/ . For the calculations
discussed here the EFF-1 /3/ library or the JEF-2 /4/ library was used and photon
interaction group constants were calculated from the DLC99/HUGO file /5/. The
MATXS format /9/ is used as NJOY output format. The group constants are then
transformed into the local GRUBA format /10/ using the codes JOYFOR-90 /11/,
MITRA-90 /12/, and GRUMAS0 /10/. JOYFOR-90 carries out calculations to obtain
resonance self shielding factors from temperature- and o( - dependent cross sec-
tions and the total inelastic transfer probabilities from scattering matrices for dis-
crete inelastic levels of the residual nucieus and for the energy continuum. JOY-
FOR-90 also calculates quantities like the average cosine of the scattering angle
in the laboratory system for elastic and inelastic scattering, for (n,2n)-, and (n,3n)-
reactions as well as for coherent and incoherent photon scattering. MITRA-90
carries out tests of the group constants and selects those group constants which
will be stored on the GRUBA-library via the management program GRUMAZ90.
Details of the coupled neutron photon group constant library in GRUBA format
will be given in “ 3. Brief Description of the Present Status of the Coupled Neutron
Photon Group Constant Set NEUTPHOT".

Microscopic neutron- and photon- group constants for infinite dilution may be
plotted from GRUBA by the program PLKFG-91 /13/. The program GRUCALS90
/14/ calculates resonance self shielded mixture dependent group constants.
GRUCALS0 needs a special control file, the so called Steuerfile. This Steuerfile
controls the calculation of macroscopic cross sections for material mixtures start-
ing from microscopic cross sections for infinite dilution, resonance self shielding
factors and transfer probabilities. Former Steuerfiles were restricted to neutron
reactions. For the application of the new group constant set an extended Steuerfile
is developed which can handle photon production- and photon interaction cross
sections as well. This new control file will be described in “ 4. Extension of the
GRUCAL Control File (Steuerfile) to Include Photon Production and Photon Inter-
action Reactions”. The output of GRUCAL90 are macroscopic group cross sec-
tions in the SIGMN-format, which is the cross section input format for most of the
reactor calculation codes in use at KfK. The group constant set described in this
report has been used in the codes DIFFOU /24/ and ONEDANT /15/. DIFFOU is a
zero dimensional diffusion theory code which can handle the coupled neutron
photon group constant set but uses neutron group constants only. For the use in
ONEDANT and TWODANT the cross sections given in SIGMN-format are trans-
formed into the cross section format required by ONEDANT/TWODANT using the
code TRANSX /16/. The program REMCOR /17/ has been applied to carry out
consistency tests for cross sections and scattering matrices, PLSIGM-91 /18/ for
plotting mixture dependent cross sections from the SIGMN-file, RTFLUX /19/, and
PLFLUX-91 /20/ have been applied for graphical representations of neutron and
photon spectra calculated by ONEDANT and for the calculation of reaction rates.
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Figure 1. Programs and libraries used for generating and testing the photon
group constants.:. The symbols used are explained on the follwoing
page.



Discussion of the different symbols used in Figure 1:

Boxes (with four corners) represent programs.

The circles are used for basic nuclear libraries, such as JEF, EFF, the
DLC99/HUGO library and for the group constant library GRUBA. These libraries
usually are applied by many users and for many different problems.

The libraries MATXS, SIGMN, RTFLUX are indicated by boxes with six corners:
during the calculations, described in the present report, a special MATXS, SIGMN
or RTFLUX library has been used once or a few times only and therefore is indi-
cated as an intermediate library in the flowchart.

The program TRANSX has been used to transform macroscopic mixture depend-
ent group constants from a SIGMN library into group constant input for ONEDANT.
The intermediate group constant library made available by TRANSX has always
been deleted at the end of the ONEDANT calculation and therefore is not specially
mentioned in Figure 1.

When Figure 1 was drawn the new control file, containing photon reactions, was
still being developed and often changed. Therefore the symbol for the intermedi-
ate library is used for the control file in Figure 1. This is somewhat arbitrary,
because the control file is independent of the special problem and normally is
used by many users and for many tasks.



3. Brief Description of the Present Status of the Coupled
Neutron Photon Group Constant Set NEUTPHOT

One of the tasks was to establish a GRUBA /10/ library for a coupled neutron
photon group constant set.

The cross sections were calculated for 123 energy groups: for neutrons the 100
group GAM-II structure was used which ranges from 10— 3 eV to 17.0 MeV, for the
photons an energy group structure with 23 energy groups was used, which was
obtained by extending the so called Straker structure (for more details see below)
to 17 MeV; the lowest energy of the y group structure is 104 eV. The GAM-II and
the Straker group structures may be chosen by input option in NJOY89.62 /1/ .
The energy group boundaries used for reactions with incident neutrons (GAM-Ii
structure) and for reactions with incident photons (Straker structure) are listed in
“Appendix C. Energy Group Structure of the Coupled Neutron Photon Group
Constant Set NEUTPHOT”. Neutron and photon reactions (and energy groups) are
coupled by photon production processes, e.g. (n,y)-reactions, (n,2n)-reactions... .
A graphical representation of a coupled neutron photon energy group scheme is
given in /11/.

88 cross section types (cross sections for infinite dilution, resonance self shielding
factors, transfer probabilities for different Legendre orders and also quantities like
KERMA-factors or average cosines of elastic and inelastic scattering, (n,2n)- and
(n,3n)-reactions, and of coherent and incoherent photon scattering) are foreseen
on the library.

Transfer probabilities for elastic and inelastic scattering, for the (n,2n)-reaction,
and for coherent and incoherent photon scattering are stored up to Legendre
order |=5, transfer probabilities for (n,3n)-reactions and for photon production
are stored until Legendre order 1=1. For all isotopes that are stored on the NE-
UTPHOT library so far isotropic angular distributions in the laboratory system are
assumed for the (n,3n)-reaction on the basic nuclear data file used. The angular
distributions of the photon production data are given isotropic too for the isotopes
that have been processed so far. (no difference is made between laboratory
system and center of mass system for the angular distribution of photon pro-
duction data in ENDF-Format) /2/. If required, it will be possible to extend the
present GRUBA library to higher Legendre orders for (n,3n)- and photon produc-
tion-reactions /10/ . For the y’s arising from the pair-production (pair-annihilation)
- reaction an isotropic distribution is assumed on the DLC99/HUGO - library /5/.
A listing of all data types stored on the NEUTPHOT library is given in “Appendix
A. Explanation of the Type Names Used on the Coupled Neutron Photon Group
Constant Library NEUTPHOT”. Photon interaction cross sections for selected
atoms plotted from the DLC99/HUGO library may be found in /11/ .

The group constants were calculated for the temperatures:
T =300, 600, 900, 1500K
and for the following values of the background cross section:

5o = 1072, 10, 100, 10% 10% 10° 10" barn.



The standard weighting spectrum used was the
VITAMIN-E /6/ spectrum,

which can be chosen by an input option in NJOY.

At present the GRUBA library NEUTPHOT contains group constants for
SLi, 7Li, °Be, 9B, 1B, Cr, %Fe, Fe, Ni, 80Co, 17cs, 25y and
252¢cf

In the following the group constants for each isotope (element) are briefly de-
scribed: the data base is given and difficulties that came up during the preparation
of the group cross sections are discussed. The symbols for the isotopes (ele-
ments) given in the listing (first column) below are those stored on the NEUTPOT
group constant library. (The symbol ”.” is used to indicate one blank.) These
names are needed for the input of the programs that use the GRUBA library, e.g.
GRUCAL.

In some of the isotope names used on the GRUBA library the last 3 positions are
used to indicate the nuclear data base. This is a good information for the user,
however these last three positions will be overwritten in GRUCAL by the letters
MIC or by three blanks, if the calculation of microscopic or macroscopic group
constants per isotope is required by input.

LI..6...: EFF-1 point data
LL.7...: EFF-1 point data
BE.S...: EFF-1 point data (VITAMIN-C /7/ spectrum used

for KERMA-factors and total damage energy production)

B..10... : EFF-1 point data (VITAMIN-C spectrum used
for KERMA-factors and total damage energy production.)

For 9Be and 198 the module HEATR of NJOY-89.62 stopped by fatal error. In these
cases a former version of NJOY, NJOY-87 was used to run the module HEATR. The
VITAMIN-E /6/ weighting spectrum is not available as an input option in NJOY-87,
therefore thie VITAMIN-C /7/ spectrum was used instead for these calculations. A
plot of the VITAMIN-C spectrum may be found in /8/ . (The module HEATR of
NJOY calculates neutron KERMA factors and damage energy production cross
sections (see /1/, Vol. Il, page 62), which can be used to derive dpa’s (displace-
ments per atom)).

B..11...: EFF-1 point data no photon production data
available on the EFF-1 library.

B..11JF2 : JEF-2 data in order to have photon
production group constants also.

U.235JF2 : JEF-2 data

CF252JF2 : JEF-2 data



The group constants for 235U and 252Cf were calculated in order to make possible
kefr - calculations as a first test of the library and its connection to the reactor
codes.

FE..O... : EFF-1 point data
FE.56JF2 : JEF-2 data
NI..0... : EFF-1 point data

The neutron KERMA factors for Ni were calculated with NJOY-87. When NJOY-89
was used, the job ended with ‘time exceeded’ after the calculation of the elastic
KERMA’s. The results were the same after 10 minutes and after 25 minutes. In the
NJOY-87 calculation negative values for the neutron KERMA’s and (consequently
for ENTOT, see “Appendix D. Extensions Carried out in JOYFOR” were calculated
in energy group 23 (1.496 - 1.653 MeV). Therefore, corrected values were obtained
by interpolation from the KERMA-factors in energy groups 22 and 24. ENTOT was
then calculated by division through the total cross section in energy group 23.

CR..0...: EFF-1 point data
for Cr two types of neutron KERMA - factors are on the library:

KERMA: neutron KERMA factors calculated with 'LOCAL’=1 in the input of
the module HEATR of NJOY-89.62. (If ‘LOCAL’ =1 is specified, the
energy of the y — rays is deposited locally.) The total energy
ENTOT produced by neutron reactions, is calculated from these
KERMA factors.

In the photon energy groups 101-123 the y KERMA factors
(calculated by the module GAMINR) are stored.

KERMAL: neutron KERMA factors calculated with 'LOCAL’ =0 in the input of
the module HEATR of NJOY-89.62 are stored. (If 'LOCAL =0 is
specified, the photons produced in the reaction are transported
away; this is the default option.) In these calculations negative
KERMAs were obtained in about 20 energy groups; the negative
values were replaced by the elastic KERMA factors.

FE.56... : group constants calculated from EFF-2.2.

The FE.56... group constants are preliminary and should not be used for reactor calcu-
lations, the total macroscopic cross section will not be calculated correctly. The data
stored on GRUBA may however be useful for comparisons with other group constants
(e.g. on plots).

For the calculation of the FE.56... group constants from EFF-2.2 the data file was modified
by changing the parameter LCT on file MF6 from LCT=2 to LCT=1. LCT=1 means:
energy and angle of the secondary particles are given in the laboratory system; for
LCT =2 these quantities are given in the center of mass system /2/. With the original
version of File 6 the calculation was stopped with ‘operation divide exception’ in the su-
broutine CONVER of the module GROUPR; in CONVER the transformation from the center
of mass system into the laboratory system is carried out. Neutron KERMA’s are not
stored on the GRUBA library for FE.56... because of difficulties in the module HEATR of
NJOY-89.62 during the processing of the %6Fe data from EFF-2.2. The difficulties in proc-
essing *Fe from EFF-2.2 by NJOY89.62 have been reported to the N.E.A. Data Bank.



For FE.56... the transfer probabilities stored as PLIIK on the GRUBA-library (transfer
matrices for inelastic scattering) are calculated from discrete inelastic levels only. The
information needed to calculate transfer probabilities due to inelastic scattering reactions
with excitation of the energy continuum of the rest nucleus is included in type MT10
(continuum particle emission) on file MF6 of the EFF-2.2 library. The transfer matrix cal-
culated from type MT10 from file MF6 (called M10.L in the JOYFOR output; here again the
symbol “.” is used for one blank) is stored as PLNIK on the GRUBA library for a correct
calculation of the total macroscopic scattering matrix. The data type SN2N stored for
FE.56... on the NEUTPHOT library is calculated in an extended version of JOYFOR-90
/11/ (see also “Appendix D. Extensions Carried out in JOYFOR”) as

1
N2NMODg = N2Ng + — {NNAg + NNPg + NCNg}.

In the formula above the names of the symbols are those used in the JOYFOR output (g
indicates the energy group.)

N2N: (n,2n) cross section (calculated from MF3, MT16)

NNA: (n, n" 4+ «) cross section (calculated from MF3, MT22)

NNP: (n, n" + p) cross section (calculated from MF3, MT28)

NCN: inelastic scattering (n, n’) cross section to the continuum (calculated

from MF3, MT91)

MU2NL:  stored for FE.56... on the NEUTPHOT library is calculated by the extended
JOYFOR-version as the sum over all outscattering groups of the
transfer matrix M10.1. In the output of JOYFOR this quantity is called
MUMT10:

MUMT10, = Z(M1o.1)g_,,,
h>g

As indicated above M10.1 is the first moment of the transfer matrix calculated from data
type MT10 of file MF6 /2/.

SINSC: total inelastic scattering cross section as usual.

SN3N: total (n,2n) cross section (N2NSUM in the output of JOYFOR).
The transfer probability for the (n,3n) - reaction (PLN3N) is equal to zero for
FE.56... on the NEUTPHOT library.

NINELD
NINEL °

where NINELD and NINEL are the symbols used in the JOYFOR output: NINELD is the
sum of the inelastic scattering cross sections due to excitation of discrete levels of the
rest nucleus, NINEL is the total inelastic scattering cross section.

The sum of POIIK over all inscattering groups is equal to

NINELD, = Z N(1)g,

N(l) is the symbol for the inelastic scattering cross section to the excited state |.
Photon production matrices are stored for the nonelastic reaction (MT=3) and the (n, y)
reaction (MT =102).




To prepare calculations for experiments which use a 89Co source or a 137Cs
source, respectively, the following group constants were also calculated and
stored on the library:

CS137JF2 : from JEF-2. Only neutron interaction and photon interaction
group constants could be calculated; no photon production
data for '37Cs are given on JEF-2.

CO.60JF2 : photon interaction data only (from the DLC99/HUGO library).

The actual name of the coupled neutron - y - GRUBA library is
INR0O56.KSDA.NEUTPHOT.MAY92.

This name may however be changed, if corrections are carried out or new group
constants are included.

The identification of the GRUBA file is NEUTPHOT. This identification is needed
as input in GRUCAL /14/ (input quantity IDENT).

Fission spectra are stored for U 235JF2 and CF252JF2, 1/v values are stored for
all isotopes (elements).

Group constants for further isotopes can be added if required (e.g. H, O, SI, Al,
Zr).



4. Extension of the GRUCAL Control File (Steuerfile) to
Include Photon Production and Photon Interaction
Reactions

The GRUCAL control files (Steuerfile) /14/ which have been developed in the past
were restricted to neutron reactions. To calculate macroscopic mixture dependent
cross sections also for photon production and photon interaction reactions the
Steuerfile had to be extended to take into account

- mixture dependent photon production cross sections and transfer probabilities.
- mixture dependent photon interaction cross sections and transfer probabilities.
Moreover

- the total energy produced in neutron or photon reactions (these energies are
then used to calculate resonance self shielded KERMA-factors).

- transfer matrices for (n,3n) - reactions (these had not been taken into account
in former GRUCAL Steuerfiles).

- extension to Ps. Transfer matrices for elastic and inelastic neutron scattering, for
(n,2n)-reactions and for coherent and incoherent photon scattering are stored
until Legendre order | =5.

((n,3n)-reactions and photon production reactions are taken into account until
P1 only, the angular distribution of the y’s produced in the pair production - pair
annihilation reaction are given isotropic on the DLC99/HUGO file that has been
used for the group constant calculation).

For the preparation of a cross section library for TWODANT /15/ or ONEDANT at
least the following macroscopic self shielded cross sections have to be available
116/ :

- the total cross section: STOT

- the fission cross section multiplied by the number of neutrons produced by the
fission reaction: NUSF

- the absorption cross section, which is the sum of the fission cross section and
the capture cross section: SABS = SCAPT + SFISS. For neutrons the capture
cross section is the sum of all reactions, in which the neutron disappears
(type number MT =101 on nuclear data files in ENDF-format /2/). For y's the
capture cross section (and the absorption cross section) is the cross section for
the photoeectric effect (type MTD =602 in the NJOY-input).

Moreover

- the Legendre moments of the total scattering matrix are needed:
SMTOT, SMT01, SMTO02, ...... SMTO0S.

10



In order to carry out transport corrections, the transport cross sections STRTR or
STR respectively and the removal cross section SREM are needed. However,
transport corrections are not recommended for Legendre order / > 1 /16/ .

The resonance self shielded mixture dependent total cross section is given as

follows:
Vo= YN oty &k
i X
g Number of energy group:
g = 1...100 neutron energy groups,
g = 101....123 photon energy groups.
i Index for target isotope,
N particle number density of the target isotope,

foz, g self shielded total cross section per atom for isotope i
in energy group g,
cross section for infinite dilution,
resonance self shielding factor.
X Index for the reaction:
elastic scattering for neutrons,
coherent scattering for photons,
inelastic scattering for neutrons,
incoherent scattering for photons,
(n,2n}), (n,3n)-reactions, pair production,
total photon production,
neutron fission,
neutron disappearance (absorption, except fission),
photon absorption (photo electric effect).

Q2

= QqQ

With the symbols that are used on the GRUBA-library /10/ or on the GRUCAL
Steuerfile /14/ the total cross section is given by the following relation.

STOT = TZ +SFISS « FFISS + TZ « SCAPT « FCAPT
+ TZeSELSC e FELSC + TZ+SINSC + TZe«SN2N [2]
+ TZ+«SN3N + TZ «SNZN

The symbols used on the GRUBA library will be explained in “Appendix A. Ex-
planation of the Type Names Used on the Coupled Neutron Photon Group Con-
stant Library NEUTPHOT”.

The calculation of the total scattering matrices for different Legendre orders is
carried out by the following formula:

SMio, (g —h)= ZNI Zm; g 6;(, g f)‘(, g P)’(, Ag — h) [3]
i X

1



where:

m multiplicity, e.g. the number of neutrons or photons produced
in the reaction,
P,’}, (g — h) element of the transfer matrix of Legendre order |,
g, h 1,......100: neutron energy groups,
101,....123: photon energy groups.
X Index for the reaction:

elastic scattering for neutrons,

coherent scattering for photons,
inelastic scattering for neutrons ,
incoherent scattering for photons,
(n,2n), (n,3n)- reactions, pair production,
total photon production.

With the symbols used on the GRUBA-library the following formula is obtained for
the total scattering matrices:

SMTOT = TZ + SELSC « FELSC « PLEIK(G — H)
+ TZ « SINSC « PLIIK(G — H)
+ 24 TZ+ SN2N ¢ PLNIK(G — H)
+ 3+ TZ+SN3N « PLN3N(G — H)
+ 24 TZ e SNZN « PLZIK(G — H)
+ TZ+SPT«FPT«PLTGH(G — H)

[4]

The calculation of the KERMA’s for neutron- and photon- reactions:

Kg = thlot, g Ei‘ot, g [5]

i

Efot,g is the resonance self shielded total cross section of isotope i in energy group
g as given in GI. [1].

Elot, g is the total energy in eV released in the (neutron or photon) reaction.
The notation used on the printout of the GRUCAL Steuerfile is:

KERMA =ENTOT«STOT [6]
The actual name of the GRUCAL Steuerfile described here is INR056.FNEPHO31.

The formulas for the removal cross section SREM and for the transport cross
sections STR and STRTR, which are stored on the present version of the GRUCAL
control file, will be given in “Appendix B. Formulas for the Removal Cross Section
and for the Transport Cross Sections on the Extended GRUCAL Control File”.
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5. Results of the First Test Calculations using the Transport
Code ONEDANT

First calculations have been carried out in order to test the library and its con-
nection to the Sy codes. Examples with few isotopes and simple geometry have
been chosen to carry out these first tests.

5.1 Sphere with a Homogeneous Mixture of 20 Vol% of
235U and 80 Vol% of 9Be

As a first example for the test of the new group constant library and of the ex-
tended GRUCAL control file a homogeneous mixture of 20 vol% of 235U and 80
vol% of %Be was used, both isotopes with 90% of their theoretical density (the-
oretical density of %Be p(°Be)=1.8¢gcm—3, theoretical density of 235U
p(33%U) = 19.05 gcm—3). With a sphere radius of 19.33 cm ks = 1.0009 is ob-
tained in a Sg/Py calculation with ONEDANT using the new group constant set
NEUTPHOT. The results for the ke calculations for the Py to the Ps approximations
are given in Table 1 on page 14. This table shows also ke calculations in Ss/Po
approximation and in Sg/P1 approximation for the VITAMIN-C /7/ group constant
set, which is a 171 neutron energy group and 36 y ray group set derived from
ENDF/B-IV. In addition, calculations are shown for the 69 energy group G69P1V03
- set /23/, which uses the WIMS group structure and is based on KEDAK-4 /21/
and for the 26 group KfKINR-2 set /25/ , which is also based on KEDAK-4 and uses
the 26 energy group ABBN structure. The upper energy for the neutron cross
sections is 17.333 MeV for the VITAMIN-C set, 17 MeV for the new group constant
set NEUTPHOT, 10 MeV for the G69P1V03 set and 10.5 MeV for the KFKINR-2 set.

13
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Deviation (%)
Deviation (%) | relative to Ps
Group constants L K-eff relative to or P4 - calcu-
NEUTPHOT lation respec-
tively
NEUTPHOT 0 1.0937 / 9.03
NEUTPHOT 1 1.0009 / -0.22
NEUTPHOT 2 1.0031 / 0.0
NEUTPHOT 3 1.0031 / 0.0
NEUTPHOT 4 1.0031 / 0.0
NEUTPHOT 5 1.0031 / /
VITAMIN-C 0 1.0864 -0.67 9.08
VITAMIN-C 1 0.99597 -0.49 /
G69P1V03 0 1.1035 0.90 8.15
G69P1V03 1 1.0203 1.94 /
KFKINR-2 0 1.1061 1.13 8.31
KFKINR-2 1 1.0212 2.03 /

Table 1.  ker calculations with different group constant sets: Sphere: 20 vol% 235U
and 80 vol% 9%Be, radius=19.33 cm.

As is seen from Table 1, the deviations in ke relative to the NEUTPHOT library
are less than 1% for the VITAMIN-C calculations. For the calculations using the
group constant set G69P1V03 in the WIMS group structure the deviation relative
to the new group constant set NEUTPHOT is less than 1% in the Sg/Py calculation
and less than 2% in the Sg/Py calculation. For the KFKINR-2 group constant set
the deviation of kef relative to the NEUTPHOT set is about 1% in the Sg/Py calcu-
lation and about 2% in the Sg/P; calculation. For the NEUTPHOT set calculations
have been carried out up to Legendre order | =5. The deviations in ke relative to
the Ps calculation are 9% for Py and - 0.22% for P . In the calculations for =2,
=3, 1=4, and | =5 the same results for ke are found. For the VITAMIN-C set the
relative deviation between the Py and the Py calculation is about 9%: it is about
8% for the calculations with the G69P1V03- and for the KFKINR2-library.

Figure 2 shows the neutron spectra ®(E) as a function of energy at r=19.2 cm.
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Figure 2. Leakage spectra for different group constants: Homogeneous sphere:
235(/9Be: 20/80 vol%, radius of the sphere: 19.33 cm.

In the calculations the fission source was normalized to 1 (input parameter

NORM=1 in ONEDANT).

Figure 3 shows the photon spectra calculated for different radial positions in the

sphere.
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Figure 3. Photon spectra at different radii of the sphere: Homogeneous sphere

of °Be; radius 19.33cm.

3.2 Homogeneous Be Sphere with a Neutron Source in the
Center

As a second example for the test of the library a Be-sphere with 20 cm radius and
a Be-concentration corresponding to 90% of the theoretical density was studied.
The calculation was done for an inhomogeneous source in the center of the
sphere. The energy range of the source was 12.214 MeV - 13.499 MeV corre-
sponding to energy group 2 of the new NEUTPHOT group constant set and to
energy groups 8 and 9 of the VITAMIN-C group structure. The inhomogeneous
source rate was normalized to 1 (input parameter NORM=1 in
ONEDANT(TWODANT)).

Figure 4 shows ®(u) as a function of energy at the radius of 19.8 cm calculated
with the NEUTPHOT group constants in Sg/Pg, Sg/Py, and Sg/P, approximations.
There is a relatively large difference between the Py - and the P¢ -calculations,
whereas the P; -result is relatively close to the one of the P; -calculation.

A very high value for ®(u) is calculated for the lowest energy group
(10-3 — 4.1401 10~ ' eV). This corresponds to an observation in Figure 2, where
for the lowest energy group the highest value of ®(£) is calculated by the NEUT-
PHOT library, whereas the calculation with the VITAMIN-C library results in a very
low value for ®(E) . For a good representation of the spectrum at low energies
(below 0.5 eV ) a finer energy resolution in this region would be necessary.
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Figure 4. Leakage for different Legendre orders in the transport
calculation: Homogeneous sphere of °Be; radius 20cm.

The presentation chosen in Figure 4 (O( u) as a function of energy) is different
from the one of the two previous figures in which ®(€) is shown. The represen-
tation on Figure 4 has been chosen to prepare comparisons with results found by
other authors for a similar problem.
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6. Application of the New Group Constant Set in the
Analysis of y - Ray Heating Measurements

As a further test of the new coupled neutron-y group constant set (NEUTPHOT) v
- ray heating rates in a sphere of stainless steel type 304 (SS 304) have been cal-
culated and compared to measurements given in /26/ . The measurements were
carried out with a 79-mCi ¢°Co source and a 107-mCi '37Cs source. The radius
of the stainless steel (SS 304) sphere was 25 cm. Thermoluminescent dosimeters
(TLDs) were used to carry out the measurements.

The method of operation of the thermoluminescent dosimeter is described in /27/
as follows: ‘The thermoluminescent dosimeter is a type of solid-state integrating
dosimeter which has found wide spread use in the field of personnel dosimetry.
Thermoluminescent dosimeters respond to radiation on the basis of trap filling in
a special solid-state material. lonizing radiation creates free electrons in special
luminescent materials which have traps that are stable at room temperature.
Under irradiation, the traps are filled with electrons and continued irradiation
causes an accumulation of filled traps. After irradiation, the thermoluminescent
material is heated causing the release of the trapped electrons by thermal excita-
tion. The freed electrons move through the material until electron - hole annihi-
lation occurs at recombination centers causing thermoluminescent emission. The
intensity of the thermoluminescent emission is proportional to the number of the
filled traps which is proportional to the radiation dose received. Usually the light
emitted is in the visible range of the electromagnetic spectrum and is measured
using photomultiplier tubes’. See also /28/ and /29/.

For the measurements presented in /26/ the the following thermoluminescent
materials have been used:

Manganese activated Calcium fluoride TLDs: CaF;:Mn ( TLD — 400),
Dysprosium activated Calcium flouride TLDs: CaF,:Dy ( TLD — 200),

and Lithium fluoride (LiF) dosimeters.

A Co presup 60 source was used for the calibration of the dosimeters.

The irradiation time for the measurement of the y ray energy deposition rates in
the sphere of SS 304 was 22 hours.

6.1 One Dimensional Transport Calculations to Determine
¥ - Ray Heating in a Stainless Steel Sphere

Again the transport code ONEDANT /15/ is used. The following particle number
densities are used for the stainless steel SS 304 /33/

Cr:165110~2 [102%¢cm~—3]  (name on the GRUBA library: CR..0)
Fe:6.32210-2 [10%2c¢cm—3] (name on the GRUBA library: FE..0)

Ni:6.502 10~3 [1022¢cm~—3]  (name on the GRUBA library: NI..0)

The radius of the sphere was 25 cm. Calculations were carried out for two different
y - ray sources, a 79-mCi ¢Co source and a 107-mCi '37Cs source.
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6.1.1 Calculations for the 79-mCi 5°Co Source

The nuclear concentrations in the inner region of the sphere (up to radius r=4 cm)
where the y - ray source and the source holder are located could not be uniquely
derived from /26/. Therefore, two calculations have been carried out for the 89Co
source. They differ in the particle number densities in the inner region (up to
radius 4 cm) of the sphere. For the calculation, indicated in Figure 5 by

-SR 1 ecm/20% SS 304 up to 4 cm,

the inner sphere up to 1 cm radius (r=1 cm) is built up of the 6°Co atoms and of
SS 304 with 95% of the concentrations given above in section 6.1. The region from
1 to 4 cm radius is filled with SS 304 with 20% of the concentration. The region
between r=4 cm and r=25 cm contains stainless steel SS 304 with 100% of its
theoretical density in all calculations discussed in this section and in section 6.1.2.
The ®0Co y - rays are sent out with energies 1.1728 MeV and 1.3325 MeV. /30/ .
Therefore, the y-ray group 14 (1.00 MeV - 1.33 MeV) was chosen as the source
group in the input of ONEDANT ( the input quantity SOURCE was set equal to 1 in
energy group 114 and equal to 0 in all other energy groups). The input quantity
NORM to normalize the inhomogeneous source rate was set equal to
2.92310° =79+ 10~ 3 « 3.7 10'° decays per second. The size of the intervals used
in the transport calculation was set equal to 0.25 ¢cm in the inner region of the
sphere until the radius r=4cm and intervals of 0.5cm length were chosen in the
region from r=4 cm to r=25 cm. For the calculation of the y - KERMA rates the
programs RTFLUX /19/ and PLFLUX /20/ have been used. RTFLUX selects nor-
malized spectra from the RTFLUX library which is prepared by ONEDANT.
PLFLUX-92 is applied for the calculation of the reaction rates ( in this case photon
KERMA rates) and for the preparation of the plots of the photon spectra. An ad-
ditional program was written to prepare plot data for the reaction rates using the
output of PLFLUX-92.

The number of 50Co atoms n(t) at time t was calculated from the activity of the
source (79 m-Ci) by using the relation /32/

Tip2
n(t) = ":/2 o Activity

where

Ty;2 [ sec] is the half life and

Activity [ Curie = 3.7 1010 disintegrations per second] is the decay rate or activity
of the source.

With Ty, = 5.272a, n(t) =7.0111 10'7 was found.

For the comparison of calculated and measured y - heating rates (= y KERMA
rates) the dimension of the calculated quantities: [eVecm—3+sec— 1] had to be
transformed into the dimension used for the measurements: [mrad «sec—1].

With

(1 rad of absorbed dose = 100 erg absorbed per gram ) /31/
and
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1eV = 1.602 10~ 2erg

and with

p =7.921g cm~3 for the density of stainless steel SS 304

the following relation between [eVecm—3+sec— '] and [mrad « sec— 1]
is derived for SS 304:

1[eVecm 3esec™ '] = 2.0224 10~ 12 [mrad«sec™ ']

The y - ray heating rates were calculated for the 14 radial points for which meas-
urements were carried out: the distance between the points is 1.5 cm, the first
radial point is at r=4.75 cm. The ONEDANT calculations were done in S16/ P3
approximation.

In the second calculation shown on Figure 5 indicated by

-SR 1cm/ 100% SS 304 up to 4 cm

the inner region up to r=1 cm (SR 1 cm ) is composed of the 6°Co atoms and of
SS 304 with 95% of the number densities given above. The region from r=1 cm
to r=25 cm contains SS 304 with 100% of its number densities.

The curve on Figure 5 that is named

- Calculation NT-85

shows calculations published in /26/. In these calculations the y-spectra necessary
to obtain the photon heating rates were obtained using the ANISN code /34/ in
Sg/P3 approximation and the VITAMIN-C group constant set /7/. Mass energy ab-
sorption coefficients taken from /35/ were used for the calculation of the y-ray
heating rates.

The measured points shown on Figure 5 are also taken from /26/.

-Measurement: TLD-400

means that the points were obtained by measurements using CaF, : Mn — ther-
moluminescent dosimeters and

-Measurement: TLD-200

that the measurement was carried out by CaF, : Dy — thermoluminescent dosi-
meters,

Calculation 1 with only 20% of the theoretical density of the stainless steel in the
region between r=1 cm and r=4 cm is in much better agreement with the meas-
urements than calculation 2, in which the concentration of the stainless steel in the
region r=1 cm to r=4 cm was 100% of the theoretical density. The two calcu-
lations (marked by the slashed and the dotted lines on Figure 5) differ by a factor
of 1.89 at r=4.75 cm and by a factor of 2.52 at r=24.25 cm.
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Figure 5.

The calculated y-heating rates presented in Figure 5 are listed in Table 2 on page

22 .
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Distance SR1em / SR 1cm /
from the Calculation NT-85 20% SS304 100% SS304
center (cm) up to 4cm up to 4cm
4.75 3.97913 4.21359 2.23341
6.25 1.52177 1.68562 8.36576E-1
7.75 6.35510E-1 7.17441E-1 3.43216E-1
9.25 2.80040E-1 3.21651E-1 1.48973E-1
10.75 1.27860E-1 1.48839E-1 6.70409E-2
12.25 5.98880E-2 7.03766E-2 3.09677E-2
13.75 2.85830E-2 3.37623E-2 1.45623E-2
15.25 1.38470E-2 1.64078E-2 6.95628E-3
16.75 6.77380E-3 8.04723E-3 3.36103E-3
18.25 3.34600E-3 3.97658E-3 1.63945E-3
19.75 1.66520E-3 1.97658E-3 8.05599E-4
21.25 8.33440E-4 9.87016E-4 3.98294E-4
22.756 4.17790E-4 4.92679E-4 1.97048E-4
24.25 2.02740E-4 2.38306E-4 9.45652E-5

Table 2. Calculated y-ray energy deposition rates at different positions for a
79-mCi ®0Co source in the center of the sphere: Energy deposition rates
are given in (mrad/sec). 6.35510E-1 means 6.35510 10— 1.

-Calculation NT-85 refers to results given in /26/ .

-SR 1cm / 20% SS304 up to 4cm means that the source region has a radius
of r=1cm and the region between r=1cm and r=4cm contains stainless
steel with 20% of the particle number given in section 6.1.

-SR 1cm / 100% SS304 up to 4cm means that the source region has a
radius of r=1cm and the region between r=1cm and r=4cm contains
stainless steel with 100% of the particle number given above in section
6.1.

The normalized y - group fluxes ( the sum of the group fluxes over all y - energy
groups is normalized to 1 ) are shown on Figure 6 to Figure 10 for different dis-
tances from the center of the sphere: 0.125 cm, 4.75 ¢m, 10.75 cm, 18.25 cm, and
24.25 cm. The calculated fluxes are shown for the two different concentrations of
stainless steel in the region between r=1 cm and r=4 cm discussed above. The
full line in Figures 6 to 10 represents the calculations using stainless steel with
20% of the theoretical density in the region of radius r=1 cm to r=4 cm, the
dotted line represents the case where this region contains SS 304 in its full con-
centration.
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Figure 10. Normalized photon spectra from a °Co source in a sphere of stainless
steel. Distance of the spectra from the center of the sphere: 24.25cm.

6.1.2 Calculations for the 107-mCi 137Cs Source

For 137Cs the energy of the source y - rays is 0.6616 MeV /30/ . Therefore, the y -
ray group 16 (6.0 10°eV — 8.0 10% eV) was chosen as the source group in the
ONEDANT input; that means the input quantity SOURCE was set equal to 1 in
energy group 116 and equal to 0 in all other energy groups. The parameter NORM
in the ONEDANT input is set equal to 3.959 10° corresponding to the decay rate
of 107-mCi. The number of intervals in each region of the sphere is chosen in the
same way as in the calculations for the 69Co source in section 6.1.1. The results
of the y - heat calculations for the 107-mCi '3’Cs source are shown on Figure 11
and Figure 12 together with the measurements taken from /26/ and a calculation
also taken from /26/, which is indicated in the figure by ‘Calculation NT-85'.

In the indication of the curves again SR means source radius, that is the radius
of the region which contains all Cs atoms and stainless steel with 95% of the the-
oretical density. (The number of Cs-atoms in the 107-mCi source is
n(t) = 5.4343 10"8, if Ty, = 30.17a is used.)

The results of three calculations carried out with the NEUTPHOT group constant
set are shown in Figure 11:

-SR 1cm/ 20% SS 304 up to 4 cm:

the radius of the source region is 1 cm, the region between r=1 cm and r=4 cm
contains stainless steel with 20% of the theoretical density given above. In all
calculations the region between r=4 cm and r=25 cm is filled with 100% SS 304.

-SR 1cm/ 100% SS 304 up to 4 cm:
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in this case the region between r=1 cm and r=4 cm is filled with stainless steel
type 304 with 100% of its theoretical density

-SR 1cm/ 100% SS 304 up to 3 cm:

again the radius of the source region is 1 cm, the particle number densities
between r=1 cm and r=3 cm are those of the stainless steel with 100% of the
theoretical density, the range from r=3 cm to r=4 cm is filled with SS 304 with
20% of the concentration.

The results of this calculation are between those of the two ONEDANT - calcu-
lations described before and give satisfactory agreement with the measurements.
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Figure 11. Gamma heating rates from a '3’Cs source: Comparison of Calculated
and Measured Data.

On Figure 12 again the measurements and the calculated results given in /26/ are
shown and, in addition, three calculations carried out with ONEDANT. Two of them
have already been shown on Figure 11 . In the third calculation which is charac-
terized by
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-SR3cm/20% SS 304 up to 4 cm

on Figure 12 the inner region of the sphere up to r=3 cm contains the 137Cs
atoms corresponding to the decay rate of 107-mCi and stainless steel 304 with
95% of the theoretical density. The volume corresponding to the radius from r=3
cm to r=4 cm is filled with stainless steel type 304 with 20% of the theoretical
density. The results of this calculation are between the results of the two other
ONETRA calculations shown on Figure 12:

-SR 1cm/20% SS 304 up to 4 cm
and
-SR 1cm/ 100% SS 304 up to 4 cm.

The calculation done with the source radius (SR) equal to 3 cm is in relatively
good agreement with the TLD-400 ( CaF;:Mn) measurements for distances of
13.75 cm to 21.25 cm from the center of the sphere. For distances of 4.75 ¢cm to
18.25 cm from the center of the sphere the calculation.

-SR 1cm/ 100% SS 304 up to 4 cm

with source radius (SR) 1 cm and 100% SS 304 up to r=4 cm shows good agree-
ment with the measurements carried out with the TLD-200 ( CaF; : Dy ) dosimeters.
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Figure 12. Gamma heating rates from a '3’Cs source: Comparison of Calculated
and Measured Data.

The calculated y-ray heating rates shown on Figure 11 and Figure 12 are also
listed in Table 3 on page 31.

For the comparison of the results given in /26/ with those obtained from the new
NEUTPHOT group constant set with the Sy code ONEDANT the different group
structures used have to be taken into account. For the calculations in /26/ the VI-
TAMIN-C group structure with 36 y-ray energy groups is used whereas in our
calculations 23 y-ray energy groups have been taken into account. The energy of
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the 137Cs y-rays is 0.6616MeV. If the VITAMIN-C group structure is used for the
Sy -calculation the y-ray source energy group is group 22 which ranges from 0.6
MeV - 0.7 MeV. If the NEUTPHOT library is used the y-ray source energy group
is energy group 16 with energies between 0.6 MeV and 0.8 MeV. That means that
a more realistic description of the energy of the y-ray source is possible with the
VITAMIN-C group structure. In calculations using the NEUTPHOT group structure
the source energy is overestimated (in the case of the 3’Cs y-ray source), which
results in an overestimation of the y-ray heating rates.
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Distance Calculation SR 1cm / SR 1cm / SR 1cm / SR 3cm /
from the NT-85 20% SS304 100% SS304 100% SS304 20% SS304
center (mrad/sec) up to 4cm up to 4cm up to 3cm up to 4cm
(cm) (mrad/sec) (mrad/sec) 20% SS304 up (mrad/sec)

to 4cm
(mrad/sec)
4.75 1.58697 3.99364 1.73612 2.35122 3.28747
6.25 5.17960E-1 1.41732 5.67536E-1 7.87618E-1 1.06419

7.75 1.82570E-1 5.27766E-1 2.01481E-1 2.82190E-1 3.80762E-1
9.25 6.74040E-2 2.04981E-1 7.52373E-2 1.06257E-1 1.43430E-1
10.75 2.56520E-2 8.14429€-2 2.90171E-2 4.12041E-2 5.59653E-2
12.25 9.96800E-3 3.30363E-2 1.14778E-2 1.63774E-2 2.23408E-2
13.75 3.93350E-3 1.35843E-2 4.61530E-3 6.62061E-3 9.06944E-3
15.25 1.56980E-3 5.64366E-3 1.88307E-3 2.71138E-3 3.72779E-3
16.75 6.30570E-4 2.36266E-3 7.75644E-4 1.12115E-3 1.54712E-3
18.25 2.56200E-4 9.96065E-4 3.22592E-4 4.67751E-4 6.47295E-4
19.75 1.04460E-4 4.21828E-4 1.35000E-4 1.96283E-4 2.72424E-4
21.25 4.27930E-5 1.79522E-4 5.68620E-5 8.28812E-5 1.15314E-4
22.75 1.75450E-5 7.63500E-5 2.39657E-5 3.50054E-5 4.88093E-5
24.25 6.95670E-6 3.14065E-5 9.78140E-6 1.43148E-5 1.99981E-5




-Calculation NT-85 refers to results given in /26/.

-SR 1cm / 20% SS304 up to 4cm means that the source region has a radius
of r=1cm and the region between r=1cm and r=4cm contains stainless
steel with 20% of the particle number given in section 6.1.

-SR 1cm / 100% SS304 up to 4cm means that the source region has a
radius of r=1cm and the region between r=1cm and r=4cm contains
stainless steel with 100% of the particle number given above in section
6.1.

-SR 1cm / 100% SS304 up to 3cm means that the source region has a
radius of r=1cm and the region between r=1cm and r=3cm contains
stainless steel with 100% of the particle number density given above in
section 6.1; the region between r=3cm and r=4cm contains SS304 with
20% of the particle number given above.

-SR 3cm / 20% SS304 up to 4cm means that the source region has a radius
of r=3cm and the region between r=3cm and r=4cm contains stainless
steel with 20% of the particle number given above in section 6.1. In all
calculations given in columns 3 to 6 the region between r=4cm and
r=25cm was filled with SS304 with 100% of the particle number density
given above.

In order to investigate the dependance of the y-ray heating rates on the energy
of the source photons two of the calculations shown in Table 3 on page 31 have
been carried out again with the source in energy group 17 (0.45MeV-0.60MeV)
instead of group 16 (0.60MeV-0.80MeV). The lower energy of the source y’s leads
to a relative reduction of the y-ray heating rates between about 20% at small dis-
tance from the source (4.75cm) and about 80% at large distance from the source
(24.25cm). The results are shown in detail in Table 4 on page 33.
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Dis- I: Calcu- ll: SR1em / | Ill: SR 1cm / Rela- IV:SR1em / | V: SR1em / Rela-
tance lation NT-85 | 20% SS304 20% SS304 | tive de- | 100% SS304 | 100% SS304 tive
from (mrad/sec) up to 4cm up to 4cm viation up to 4cm up to 4cm devi-

the source in source in (Hi-my/m source in source in ation
center group 116 group 117 % group 116 group 117 (V-IV)Iiv

(cm) (mrad/sec) (mrad/sec) (mrad/sec) (mrad/sec) %

4.75 1.68697 3.99364 3.28064 -17.9 1.73612 1.21852 -29.8

6.25 5.17960E-1 1.41732 1.05304 -25.7 5.67536E-1 3.58586E-1 -36.8

7.75 1.82570E-1 5.27766E-1 3.53149E-1 -33.1 2.01481E-1 1.14115E-1 -43.4

9.25 6.74040E-2 2.04981E-1 1.22742E-1 -40.1 7.52373E-2 3.83033E-2 -49.1
10.75 2.56520E-2 8.14429€E-2 4.38757E-2 -46.1 2.90171E-2 1.32545E-2 -54.3
12.25 9.96800E-3 3.30363E-2 1.59612E-2 -51.7 1.14778E-2 4.71381E-3 -58.9
13.76 3.93350E-3 1.35843E-2 5.88782E-3 -56.7 4.61530E-3 1.70127€E-3 -63.1
15.25 1.56980E-3 5.64366E-3 2.19564E-3 -61.1 1.88307E-3 6.24392E-4 -66.8
16.75 6.30570E-4 2.36266E-3 8.25018E-4 -65.1 7.75644E-4 2.31190E-4 -70.2
18.25 2.56200E-4 9.96065E-4 3.12488E-4 -68.6 3.22592E-4 8.65320E-5 -73.2
19.75 1.04460E-4 4.21828E-4 1.18907E-4 -71.8 1.35000E-4 3.25826E-5 -75.9
21.25 4.27930E-5 1.79522E-4 4.55117E-5 -74.6 5.68620E-5 1.23589E-5 -78.3
22.75 1.75450E-5 7.63500E-5 1.74163E-5 -77.2 2.39657E-5 4.69282E-6 -80.4
24.25 6.95670E-6 3.14065E-5 6.46134E-6 -79.4 9.78140E-6 1.72928E-6 -82.3




The y - ray spectra for the cases
-SR1cm/ 20% SS 304 up to 4 cm

and

-SR1cm/ 100% SS 304 up to 4 cm

are shown on Figure 13 - Figure 17 for distances of 0.125 ¢cm, 4.75 cm, 10.75 cm,
18.25 cm and 24.25 cm from the center of the sphere.

Normalized y—Flux (/(crmus2ssec*AeV))

Figure 13.

0.8
Caesium — 137 y—Ray Spectrum [--——--—-----

0.125 cm from Center

(SR = Source Radius)
0.6
0.4 —— SR 1cmy/ 20% SS—304 up to 4 cm

---- SR 1cm/ 100% SS—304 up to 4cm

0.2 1
0.0 ‘_r—— T T T T T T

00 10 20 30 40 50 60 70 8O
Energy (eV) «10°

Normalized photon spectra from a '3’Cs source in a sphere of stain-

less steel. Distance of the spectra from the center of the sphere:
0.125cm.
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Normadlized y—Flux (/{crme2ssecxAeV))

Figure 14.

Normalized y—Flux (3/(crm=*2+sec*AeV))

Figure 15.

0.4
Coesium — 137 y—Ray Spectrum
. | 4.75 cm from Center
i i (SR = Source Radius)
0.3
c24 1 1 [TTTTT T T
_________ L}
i
0.1+ -
—— SR 1emy/ 20% SS—304 up to 4 cm
---- SR1emy/ 100% SS—304 up to 4 cm
0.0 T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

B.0
Energy (eV) «1cP

Normalized photon spectra from a '3Cs source in a sphere of stain-

less steel. Distance of the spectra from the center of the sphere:
4.75cm.

04 r-—m———e—m
1 ]
Caoesium — 137 y—Ray Spectrum
10.75 cm from Center
(SR = Source Radius)
0.3+
0.2
0.1
—— SR 1em/ 20% SS—304 up to 4 cm
---- SR 1em/ 100% SS—304 up to 4 cm
0.0 T T 1 1

00 10 20 30 40 50 60 70 8.0
Energy (eV) «10°

Normalized photon spectra from a 3’Cs source in a sphere of stain-

less steel. Distance of the spectra from the center of the sphere:
10.75cm. 7
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Figure 16. Normalized photon spectra from a 13’Cs source in a sphere of stain-
less steel. Distance of the spectra from the center of the sphere:

18.25cm.
o4

=

3 Caesium — 137 y—Ray Spectrum
g 24.25 cm from Center

b1} (SR = Source Radius)

9 034

o

¥

< R
<
E 021

x

-}

0

~
E o4 e~
ie]

E —— SR 1em/ 20% SS—304 up to 4 cm

ol ---- SR 1cm/ 100% SS—304 up to 4 cm
pd

0.0 T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

8.0
Energy (eV) «10°

Figure 17. Normalized photon spectra from a 13Cs source in a sphere of stain-

less steel. Distance of the spectra from the center of the sphere:
24.25cm.

It is seen from Figure 13 to Figure 17 that differences between the two spectra
are small for the smallest distance from the center of the sphere r=0.125 cm; this
radius is within the source region SR=1 cm. A large difference between the two
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spectra is found for the distance 4.75 cm from the center of the sphere. At larger
distances the differences between the two spectra become smaller. The same
dependences are observed for the spectra of the Co-source shown in Figure 6 -
Figure 10 .

6.1.3 Brief Discussion of the Comparison between Calculations and
Measurement

Remarks concerning the measurements:

The y-ray energy deposition rates given in /26/ have been measured by thermo-
luminescent dosimeters (TLDs). The TLD chips, which were selected for the mea-
surements, responded to the same dose with a precision of 3 -5%. A 8Co source
was used for the calibration of the dosimeters. The 80Co y-ray energies are 1.17
MeV and 1.33 MeV.

The accuracy of the measurement is dependent on the energy of the y-rays: At
low energies (below about 200 keV) the measurements become less accurate due
to TLD overresponse /26/. Dysprosium activated calcium fluoride TLDs (TLD-200)
have a considerable energy dependent response at energies below approximately
200 keV. Above 200 keV, however, the response is essentially constant. The
maximum energy dependence occurs at approximately 30 keV where the re-
sponse is approximately 15 times the response to an equivalent dose of y-rays
with energies above 200 keV /27/.

The doses received by the dosimeters have to be corrected for background
photons and transformed into doses received by the surrounding material by ap-
plication of y-ray dose weighting f factors, which are calculated by general cavity
ionization theory /26/. For the calculation of the spectrum dependent f factors
calculated local y-ray spectra for the sphere of stainless steel SS 304 were used.
Thus by correction and conversion of the TLD measurements additional uncer-
tainties have been introduced into the final experimental results.

To give an impression of the contribution of photons of energy below about 200
keV to the local y-heating rates the calculated results were studied for different
energy regions. (The program PLFLUX-91 /20/ was used for this evaluation).

For the calculation for the 60Co source, named

SR 1cm / 20% SS 304 up to 4cm

in section 6.1.1 the following results have been found:

At the distance r=4.75 cm from the center of the sphere about 7% of the y-ray
heating rate is produced by photons with energy less than 150 keV and about 20%
is produced by y’s, whose energy is below 300 keV (there is no energy group
boundary between 150 and 300 keV).

At r=21.25 cm about 11% of the y-ray heating rate is produced in the energy
groups below 150 keV and about 30% is calculated in the energy region below 300
keV.

The energy dependence of the y-ray energy deposition rates was also studied for
irradiation by the '37Cs source. Calculations for the case named

SR 1cm / 100% SS 304 up to 4cm

in section 6.1.2 gave the following results:

At the distance r=4.75 cm from the center of the sphere about 14% of the y-ray
heating rate is produced by photons with energy below 150 keV and 40% by
photons with energy below 300 keV.
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At r=21.25 cm about 17% of the y-ray energy deposition rate is produced by
photons with energy below 150 keV, about 47% by photons in the energy region
below 300 keV.

The contribution of low energy photons to the y-energy deposition rates is larger
in the case of the '37Cs source than for the €°Co source. The contribution of
photons with energy below about 200 keV is increasing, when the distance from
the center of the sphere becomes larger.” That means that the measurements are
less accurate for the '37Cs source than for the €9Co source. The accuracy of the
measurement is decreasing with increasing distance from the center of the
sphere.

Remarks concerning the calculations:

The calculations have been carried with the code ONEDANT /15/ in S1g/P3 ap-
proximation using a group constant set with 23 photon energy groups. The photon
interaction cross sections are based on the DLC99/HUGO file /5/ . Different as-
sumptions have been made concerning the radius of the source and the material
density in the surrounding of the source up to a distance of 4 cm from the center
of the sphere. Moreover - in the case of the '37Cs source - the energy of the
source y’s has been modified in the calculations. Reduction of the energy of the
source y’s results in a reduction of the y-ray heating rates. This is discussed in
more detail in section 6.1.2.

Precise knowledge of the layout of the source and the composition of the sur-
rounding material would be helpful. Moreover a finer group structure for the
photon energy groups seems desirable for the calculations discussed here, espe-
cially for a more precise representation of the energy of the source photons.

So far the influence of modifications of the photon interaction cross sections (e.g.
photon absorption, photon incoherent scattering, photon KERMA factors) has not
been studied. Moreover the influence of modifications of the transfer probabilities
of the incoherent photon scattering would be of interest.

The effect of increasing the Legendre order in the transport calculation has been
investigated for one of the cases using the '3’Cs source. For the case that is re-
ferred to by

SR 1ecm / 100% SS 304 up to 4 cm

in section 6.1.2 a S1g/P4 calculation has been carried out additionally. The results
for the local y-heating rates are slightly larger in the P4 calculation than for the
P3 calculation. The absolute value of the deviation of the S1g/P3 calculation rela-
tive to the S1g/P4 calculation is less than 1% for all positions in the sphere.

For the same case:

(SR tcm 7 100% SS 304 up to 4 cm / '37Cs source)

a S3/P4 calculation was carried out and compared to S16/P4. For all radii the
results of the S3; -calculation are larger. The deviations are increasing with in-
creasing distance from the center of the sphere. The absolute value of the devi-
ation relative to the S3/P4 calculation is less than 1% at r=4.75 cm and about 6%
for r=24.25 cm.

1 At the distances r=22.75 cm and r=24.25 cm from the center of the sphere, however,
the contribution from low energy photons to the y-energy deposition rates is calcu-
lated slightly smaller than for r=21.25 cm.
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From the results given above it may be concluded that Sg/P3 calculations are of
sufficient accuracy for the investigations discussed here.

For the experiment using the ®Co source relatively good agreement between ex-
perimental and calculated results was found, if a source radius of 1 cm was
assumed and 20% of the theoretical density of SS 304 in the surrounding of the
source (up to 4 cm radius from the center of the sphere). In the case of the 137Cs
source satisfactory agreement was obtained for a source radius of 1 cm and SS
304 with 100% theoretical density from radius r=1 cm to r=4 cm.
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Appendix A. Explanation of the Type Names Used on the
Coupled Neutron Photon Group Constant Library
NEUTPHOT

In the following the names of the group constants stored on the new GRUBA
library NEUTPHOT are listed. The names used in the JOYFOR-90 /11/ output are
given in parentheses. In these names the letter | is used for the Legendre order
and the symbol ”.” is used to indicate one blank.

In the unformatted output of JOYFOR the type names are preceded by a special
label to guarantee unique identification of the data by the subsequent program
MITRA /12/ . The names of the labels are given in /11/ chapter 4.

In the latest version of JOYFOR (JOYFOR-92) the labels are also given on the list
output to facilitate the preparation of the input for MITRA.

A.1 Group Constants for Neutron Interaction

STOTW flux weighted total cross section. (NTOTO0)

SELSC elastic scattering cross section. (NELAS)

SINSC total inelastic scattering cross section. (NINEL)

SCAPT neutron disappearance cross section (sum of all cross
sections in which a neutron is not in the exit channel).
(NABS)

SGP (n,p) cross section. (NP)

(If available, the total hydrogen production cross section (N.H1)
is stored as SGP.)

SGD (n,d) cross section. (ND)
(If available, the total deuterium production cross section (N.H2)
is stored as SGD.)

STRI (n,t) cross section. (NT)
(If available, the total tritium production cross section (N.H3)
is stored as STRI.)

SGHE3 (n, 3He) cross section. (NB)
(NB is calculated e.g. for 137Cs from JEF-2.)

(If available, the total 3He production cross section (N.HE3)
is stored as SGHES3))

SGALP (n, «) cross section. (NA)
(If available, the total “He production cross section (N.HE4)
is stored as SGALP.)

SGAM (n,y) cross section. (NG)
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SFISS
SN2N
SN3N
MUEL

MUIL
MU2NL
MU3NL

SNON
NUE

1/V
XISS

CHI

PLEIK
PLIIK
PLNIK
PLN3N
FCAPT
FELSC
FFISS
FTOT1

KERMA

total fission cross section. (NFTOT)
total (n,2n) cross section. (N2NSUM)
(n,3n) cross section. (N3N)

average cosine of the scattering angle of elastic
scattering in the laboratory system. (MUBAR)

average cosine of the scattering angle of inelastic
scattering in the laboratory system. (MUIL)

average cosine of the scattering angle of the
(n,2n)-reaction in the laboratory system. (MU2NL)

average cosine of the scattering angle of the
(n,3n)-reaction in the laboratory system. (MU3NL)

nonelastic cross section. (SIGMANO)

average total (prompt and delayed) number of neutrons
released per fission event. (NUE)

1/v group values. (1/V)

average logarithmic energy decrement for elastic
scattering. (XI)

fission spectrum. (CHIS)
transfer probabilities for neutron elastic scattering
for Legendre order |. (ELASI)

transfer probabilities for inelastic scattering of
neutrons. (INELI)

transfer probabilities for the (n,2n)-reaction.
(N2N.I)

transfer probabilities for the (n,3n)-reaction.
(N3N.I)

flux weighted resonance self shielding factor for the
(n, y) reaction. (FG)

flux weighted resonance self shielding factor for
elastic scattering. (FN)

flux weighted resonance self shielding factor for
fission. (FF)

current weighted total resonance self shielding
factor. (FT1)

total neutron KERMA factor due to reactions with initial
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(eV*barn)

KERMAL
(eV*barn)

ENTOT
(eV)

DPA
(eV*barn)

neutrons. In the module HEATR of NJOY the default input
LOCAL =0 is used; with this input option the program
takes into account that the photons produced in the
reaction are transported. (NHEAT)

Exception are the KERMA’s for Cr 0, see chapter 3.

total local neutron KERMA. In the calculation of the
KERMA factors the input option LOCAL =1 is used in the
module HEATR of NJOY. In this case HEATR assumes that
the energy of the photons is deposited locally /1/. (NHEAT)

total energy produced in a reaction that is induced
by neutrons. (ENTOT)

total damage energy production cross section calculated
by the module HEATR. DPA may be used for the
calculation of displacements per atom /1/ LA9303-M, Vol.ll,
page 62. (NDAME)

A.2 Group Constants for Photon Production

In the following the data for the photon production reactions will be given. Here
the cross sections are multiplied by the number of photons produced in the re-
action; the transfer probabilities are normalized to 1. (For each initial (neutron)
energy group the sum over all final (photon) energy groups is equal to 1.) The
photon production transfer probabilities are stored for Legendre order 0 and 1.
In the JOYFOR output the photon production cross sections and matrices are
preceded by the label GPRODCS.

FPT

SPT

PLTGH

SPINC

PLIGH

SPN2N

PLNGH

SPN3N

flux weighted resonance self shielding factor for
photon production by all nonelastic reactions, that
means total photon production /11/. (FNON)

total photon production cross section. (NNONL, SUM or
SUMI1, respectively)

transfer probability for the total photon production reaction.
(PNNONL.I, PSUM...I, PSUM1..1)

photon production cross section for the inelastic neutron
scattering reaction. (NINEL)

transfer probability for photon production by inelastic neutron
scattering. (PNINEL.I)

photon production cross section for the (n,2n) reaction.
(N2N)

transfer probability or photon production by the
(n,2n) reaction. (PN2N...1)

photon production cross section for the (n,3n) reaction.
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PL3GH

SPFIS

PLFGH

SPNX

PLXGH

SPY

PLYGH

SPG

PLGGH

SPP
PLPGH

SPD
PLDGH

SPTRI
PLTRH

SPHE3

PLHE3

SPALP

PLAGH

SPC

(N3N)

transfer probability for photon production by the
(n,3n)-reaction. (PN3N...I)

photon production cross section for the fission-
reaction. (NFTOT)

transfer probability for photon production by the
fission reaction. (PNFTOT.I)

photon production cross section for the (n,n’ + «) reaction.
(NNA)

transfer probability for photon production by the
(n,n” + «) reaction. (PNNA...I)

photon production cross section for the (n,n’ + p) reaction.
(NNP)

transfer probability for photon production by the
(n,n" + p) reaction. (PNNP...I)

photon production cross section for the (n, y) reaction.
(NG)

transfer probability for photon production by the

(n, y) reaction. (PNG....I)

photon production cross section for the (n,p) reaction. (NP)

transfer probability for photon production by the
(n,p) reaction. (PNP....1)

photon production cross section for the (n,d) reaction. (ND)

transfer probability for photon production by the
(n,d) reaction. (PND....I)

photon production cross section for the (n,t) reaction. (NT)

transfer probability for photon production by the
(n,t) reaction. (PNT....1)

photon production cross section for the (n, 3He) reaction.
(NHE3)

transfer probability for photon production by the
(n, 3He) reaction. (PNHE3..1)

photon production cross section for the (n, 4He) reaction.
(NA)

transfer probability for photon production by the
(n, 4He) reaction. (PNA....1)

cross section for photon production by neutron
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PLCGH

disappearance reactions. (NCAPT)

transfer probability for photon production in
neutron disappearance reactions. (PNCAPT.I)

A.3 Group Constants for Photon Interaction

Type names used for photon interaction reactions.

In the output of JOYFOR photon interaction cross sections are preceded by the
label GSCAT, transfer matrices for photon interaction are identified by the label
GSCATM /11/, chapter 4.

STOTW

SCAPT

SELSC
PLEIK
SINSC
PLIIK

SNZN

POZIK

ANZ

KERMA
(eV*barn)

ENTOT
(eV)

MUEL

MUIL

total photon interaction cross section; calculated
in GRUCAL as the sum of the partials. (GTOTO)

cross section for the y absorption
reaction. (GABS)

cross section for coherent scattering. (GCOH)
transfer probability for coherent scattering. (PGCOH..I)
cross section for incoherent scattering. (GINCH)

transfer probability for incoherent scattering.
(PGINCH.I)

cross section for the pair production
(pair annihilation) reaction. (GPAIR)

transfer probability for the pair production
(pair annihilation) reaction. (GPAIR..I)

number of y’s that are produced in the pair production
(pair annihilation) reaction. (NANZ516)

total photon KERMA factor produced in reactions

that are induced by photons. The total photon KERMA

is the sum of the KERMA’s from incoherent scattering,
pair production, and photon absorption; for coherent
photon scattering no KERMA factor is calculated because
of the negligeable energy loss of the y’s in this reaction.
(GHEAT)

total energy produced in reactions induced by
photons. Here total indicates the sum of the energy
produced in the partial reactions. (ENTOT)

average cosine of the scattering angle of coherent
scattering in the laboratory system. (MUEL)

average cosine of the scattering angle of incoherent
scattering in the laboratory system. (MUIL)
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MU2NL

average cosine of the scattering angle of photons
produced in the pair production - pair annihilation
reaction. (MU2NL). (MU2NL = 0 if the calculations are
based on the DLC99/HUGO library.)
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Appendix B. Formulas for the Removal Cross Section and
for the Transport Cross Sections on the Extended GRUCAL
Control File

The formulas that are used on the GRUCAL control file for the total reaction cross
section and the total scattering matrix have been given before in “ 4. Extension
of the GRUCAL Control File (Steuerfile) to Include Photon Production and Photon
Interaction Reactions”. Though the removal cross section and the transport cross
sections are not used in the Sy calculations described in this report, (see also
/16/) the formulas that are stored on the new GRUCAL control file
(INR0O56.FNEPHO31) are given here to have a complete description, e.g. as a basis
for changes or corrections.

For the recalculation of the removal cross section including (n,3n)- reactions and
pair-production-reactions the following formula is used: (The symbols are the
same as in chapter 4.)

il A4 i j i j i i
Srem, g E N ffliss, g Ofiss, g + fclzapt, g %capt, g + § f;(T, g%XT, g § PXT, 0(9 — h)
N XT h>g

i [7]

. ZNi g Ot o (M. g — (1 — ZPQT, g - h)

i h>g
XT

XT: all reactions ( except fission and photon production), where neutrons or
photons are products of the reaction:

These are the following reactions:

for neutrons: elastic scattering, inelastic scattering, (n,2n)- and (n,3n)- reactions

and

for photons: coherent scattering, incoherent scattering, and the pair-production -

(pair-annihilation)- reaction. With the symbols used on the GRUBA file the

removal cross section is written as follows:
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SREM = SCAPT + SFISS

+ ) TZ+SELSC « FELSC + POEIK(G — H)
H>G

+ Z TZ « SINSC » POIIK(G — H)
H>G

+ Z TZ « SN2N « PONIK(G — H)
H>G

+ ) TZ+SN3N+ PON3N(G ~ H) 8]
H>G

+ Z TZ « SNZN « POZIK(G — H)
H>G

— TZoSN2N+ (1~ ) (H.GT.G)PONIK(G — H))
~ 24TZ+SN3N+ (1~ ) (H.GT.G)PONIN(G — H))

— TZ+SNZN+(1 - Z(H.GT.G)POZ!K(G - H))

In GI. [8] the absorption term is given on the right hand side of line 1, following
are the slowing down terms. In the last three lines the inscattering of (m-1) parti-
cles into group g is given; of course these terms give a contribution only for re-
actions in which more than 1 neutron or y is produced (e.g. (n,2n), (n,3n), pair-
production).

The calculation of the transport cross section STR:
In the notation that is used for the printout of the GRUCAL Steuerfile STR is given
as follows:

STR = TZ +[SCAPT + SFISS + SELSC + SINSC ]+ FTOT1
+ TZ+[ SN2N + SN3N + SNZN]+«FTOT1 [9]
— TZ + [MUEL « SELSC + FELSC + MUIL « SINSC]]

In the new NEUTPHOT group constant set FELS1 is set equal to FELSC, because
NJOY does not calculate current weighted resonance self shielding factors for
elastic scattering.

The formula for STRTR is given in the notation that is used on the printout of the
GRUCAL Steuerfile:

STRTR = STOT — MUEL ¢« TZ « SELSC « FELSC

(10]
— MUIL « TZ « SINSC

The terms including MU2NL and MU3NL (see “Appendix C. Energy Group Struc-
ture of the Coupled Neutron Photon Group Constant Set NEUTPHOT”) are not yet
taken into account on the GRUCAL Steuerfile.
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The formulas for the removal cross section and for the transport cross sections
are given here for completeness only; they are not really needed in Sy calcu-
lations with a group constant set that goes up to Ps,
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