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APPLIED NUCLEAR DATA RESEARCH AND DEVELOPMENT
QUARTERLY FPROGKESS REPORT
January 1 - March 31, 1976

Compiled by
C. I. Baxman, G. M. Hale, and P. G. Young

AESTRACT

This progress report describes the activities of the
Los Alamos Nuclear Data Group for the period January 1
through March 31, 1976. The topical content is summarized
in the contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A, Evaluation of Light Element Standard Cross Sections

Because the 6Li(n,oc) cross sections are large and relatively structureless
at energies below 100 keV, they are widely used as "“standards" relative to which
other neutron cross sections are measured. To extend the useful energy range of
these standards and to improve their accuracy at lower energles, we are basing
our evaluations on comprehensive R-matrix analyses of the7Li and 11B systems
which extend up into the region of known resonances.

1. 6Li(n,a) (G. Hale and D. Dodder [T-91)

. . 6. .
A new evaluation of the neutron cross sections for T1i at low energies has

just been completed, based on an extension of the comprehensive R-matrix analy-
sis of the 7Li system described at the Conference on Nuclear Cross Sections and
Technology.1 The n + 6Li* (2.185-MeV) channel has been added in the present
analysis since the input data now extend to the energies above its threshold.
These data include final values of the precise 4He(t,t) differential cross sec-
tions2 and new measurements of the 4He(t,t)AHe analyzing power3 done at the Los
Alamos Scientific Laboratory (LASL). Examples of the fit to these data are shown
in Fig. 1.

Recent measurements of the neutron total cross sectioné and of the 6Li(n,a)
integrated cross section5 were also included in the analysis. Figure 2 shows

3
that the calculated Li(n,a) cross section is quite consistent with the new
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Fig. 1. R-matrix fit (solid line) to measurements of the
AHe(t,t)AHe differeutigl cross section? (top) and
triton analyzing power~ (bottom).

measurenents below 600 keV, while small but systematic differences between

the calculated and measured total cross section are apparent. The calculated
values of the 6Li(n,a) cross section bave been proposed for use as an ENDF/B-V
standard at energiles below 150 keV; they are estimated to be determined to

within + 37 even at energies over the resonance.
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2. 10B(n,a) (G. M. Hale and E. D. Arthur)

. 10
A new evaluation of the neutron cross sections for = B at low energiles

has also been completed recently. The evaluation is based on a multichannel,
multilevel R-matrix analysis of reactions in the llB system similar to that
which was used to provide the boron cross sections for ENDF/B-IV. New data

that were considered in the present analysis include relative measurements of




the lOB(n,aY) integrated cross section6 and absolute measurcments of the
B(n,oY) angular distribution.7
The resulting fit to the 1OB(n,o:.) integrated crcoss egections is seen in
Fig. 3 to be almost identical to the Version IV calculaticns at energies below
200 keV, while it decreases more rapidly than before at energies up to 1 MeV,
The calculated values of the lOB(n,OL) cross section have been proposed for use
as an ENDF/B-V standard at energies below 150 keV.

B. Evaluation of WNeutron—-Induced Reactions on 6Li and 120

1. n+ 6Li (L. Stewart and P. G. Young)

Because much of the 6Li evaluated data in the ENDF/E-IV general purpose

8
file is based on a rather old United Kingdom set, we have re-evaluateé the

6Li data incorporating more recent experimental results. As described earlier,
modifications were made to the total, elastic, (n,n'd), (n,p), and (n,t) cress
sections, to the elastic angular distributions, and to the erergy and angular
éistributions of secondary neutromns from (p,rn'd) and (n,2n) reacticns.

The most significant revision was in the representatiorn of secondary rneu-
trons from the 6Li(n,n'd)AHe reaction, which are given as evaporaticn spectra
in ENDF/B-IV. In order to include erergy-angle correlatioms in the data with-
out introducing new requirements on the FNDF/B processing ccdes, we utilized

"pseudo levels" and phase-space arguments to represent the neuvtron cortinuum
from the (n,n'd) reaction, assuming isotropic center-of-mass angular cistribu-

tions. In Fig. 4, experimentally measured10 neutron spectra at 39 and 150° for
7.5-MeV  incident neutroms are compared o nenelastic reutyron spectra from the
new analysis and from the clder ENDF/B-IV temperature representation. Similarly,
Fig. 5 shows the Vercion IV, pseudo-level comparison for 14-MeV incident neuvfrens
and 0 = 0 and 180°. In each case, the ENDF/B-IV dazta dc not describe the ine-
lastic group to the 2.2-MeV state cf 6Li at all, ard predict toc hard a spectrum

at back angles. 1Indeed, nonelastic neutrons in the back-angle spectra have

energies higher than the elastic peaks. Similar effects appear in comparisong at

other eneraies and angles.

12
2. n+ " C (P. G. Young)

To provide interim data for local use prior to the release of ENDF/B~V, the
pseudo-level representation was also uvsed to improve secondery neutrer spectra

12
from the ""C(n,n')30 reaction. Ir this case, the FNDF/B-IV integrated cross
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section for the reaction was divided among the available pseudo levels assuming

mass angular distributions.

pure 4-body phase-space distributions of final states and isotropic center-of-
. . 12
tribution for the real

The level excitation cross section and angular dis-—

C level at EX =
Version IV.

= 4,44 MeV were kept the same as given in

The nonelastic energy distributions from the pseudo-level representations

are compared in ¥Fig. 6 to ENDF/B-IV data for 14-MeV incident neutrons and ©
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and 180°. The peak at higher energy in the spectra corresponds to the inelastic
neutron group to the 4.44 MeV level in l2C, broadened with a 10% FWHM gaussian
resolution function. Again, the ENDF/B-IV temperature spectra are harder at
back angles than the energy-angle correlated data.

Very few experimental data are available for determining the secondary neu-
tron spectra, so the uncertainty in these results is large. Fowever, emulsion
data from a 1955 measurementll for incident neutron energies between 12 and 20
MeV are well represented by a 4-body phase-space distribution. More recent 1l4-
MeV data indicate that (n,n') reactions through the broad, unbound levels of 12C
are important,12 but these results were not included in the present limited

analysis.

C. Ground-State Properties of Nuclei (D. G. Foster, Jr.)

A new variation of the nuclear mass-excess subroutine package described
last quarter has been completed. In the old version, the standard deviations for
the mass excesses were packed into the lowest 18 bits of the CDC 60-bit words, in
order to permit weighted fitting for extrapolation outside the 2055-entry table.
In the new version, these standard deviations are replaced by ground-state spins
and parities cf the same tabulated nuclei, as found in the 1971 Nuclear Wallet
Cards prepared by Ajzenberg-Selove and Busch.13 All of the even-Z, even-N nu-
clei were assigned O+ entries, whether actually measured or not. The immediate
purpose of this version is to supply input information to the GNASH code as part
of a program to automate as much of the setup for GNASH as possible. It was
noted in passing that there are now five known 0 ground states, all of them for

odd-odd nuclei.

D. Calculation of (n,2n) and (n,3n) Cross Sections and Spectra (E. D. Arthur,
P. G. Young, and L. R. Veeser [P-3])

The capability to calculate the spectra of first and second neutrons from
(n,2n) reactions, and the spectra of first, second, and third neutrons from (n,3n)
reactions has been developed. To calculate these spectra, populations computed by
the preequilibrium-statistical nuclear model code GRASH were written onto disk,
and then used by a second code to calculate the desired spectra. In this way,
spectra effects resulting from gamma-ray or charged-particle competition can be

included exactly.



The results of these spectrum calculations have been used by Veeser et al.14

to make efficiency corrections for (n,xn) cross sections measured at high ener-
gies using large liquid scintillator tanks. The ability to calculate these spec—

tra also meets certain requirements of the ENDF/B evaluated data files. Thus

8 16
far, calculations have been carried out for (n,xn) reactions on 9Y, 9Tm,

171Lu, and 197Au. Figures 7 and 8 show the calculated first, second, and third

neutron spectra for 24-MeV (n,xn) reactions on 197Au. Figure 9 shows the over-
all agreement of the GNASE calculated curves with Au(n,xm) cross-section meas-

urements by Bayhurst et al.15 and Veeser et al.14

E. Calculation of Charged-Particle Spectra Induced by 14-15 MeV Neutrons (E. D
Arthur and P. G. Young)

Calculation of proton- and alphe-particle production spectra from 14-15 MeV
neutron bombtardment have been made with the statistical-preequilibrium model code
2
GNASH. Materials under study are those of CTR interest and include “7A1,

46Ti, 48Ti, Slv and 93

s Nb. For these calculations, the inclusion of preequilib-
rium effects is important to correctly reproduce the shape cf the experimentally
measured spectra. Here the closed preequilibrium form of Milazzo-Collil6 kas
been used. TFigure 1C shows the calculated proton~production spectrum for 15-MeV
neutrons on 27Al compared with preliminary results measured by Hajght et al.

The calculated results were obtained with global input parameters with ro attempt

to adjust quantities to improve agreement with experiment.

F, Calculation of Activation Cross Sections for Pb Isotopes (E. D. Arthur,
D. G. Foster, Jr., and P. G. Young)

In response to a request by TD-6, activation cross sections induced by neu-
trons on 204Pb, 206Pb, 207Pb, and 208Pb were determined and supplied in ENDF/B
format. The reactions of interest are listed in Tsble I. For the most part,
the preequilibrium-statistical mwodel code GRASH was used to calculate the de-
sired cross sections. Fowever, for 204Pb and 208Pb(n,Y) reactions below 1 MeV,
values were obtained from recent experimental measurements.l8 For the calcula-
tions,neutron transmission ccefficients were obtained from global optical-mcdel
raraneters of Wilmore and Hodgson,19 the Brink-Axel giant dipole resonance form20
was used for garma-ray widths, and a closed preequilibrium form16 preovided cor-
rections for semi-direct effects. In cases where comparison could be made with
experimental data, there was reasonable agreement as shown by the examples in
Figs. 11 and 12.

10
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MAT
301
301
301
301
301
301
302
302
302
302
302
303
303
303
303
303
303
304
304
304
304

304

MT
16
17
26
60
102
700
17
26
60
700
780
17
26
28
53
700
702
17
26
102
700

780

ACTIVATION REACTIONS IN Pb ISOTOPES

TABLE I

E

x T Q THRESHOLD

REACTION (MeV) 1/2 MeV) Q(MeV)
2045 (n, 20) 203py, 0.0 52,1 h - 8.401  8.443
2% (n,3m) 2%y 2,17 3,62 B -17.36  17.446
2045, (n, 20) 203Mpy, 0.85 6.1 s - 9253  9.299
2055 (n,n) 2%y, 219 66.9 m - 2.186  2.197
20455 (n,7) 2 %P 0.0  3.0x10° 6.735 -
20454 (n, p) 2047y 0.0 3.81 y 0195  cormm
206p, (n, 3n) 204Mp}, 2.19  66.9 m  -17.08  17.164
206pp, (n, 2n) 205Mpy, 1.01 4.0 ms - 9,095  9.140
200ph(n,n") 2%y, 2,20 130.0 us - 2.200  2.211
2065y, (n,p) 20611 0.0 419m - 0751  0.755
20654, (0, ) 20 g 0.0  46.9 4 7.136 -
207pp (n, 30) 205¥pp, 1.0 4.0 ms -15.84  15.92
2075 (n,20)2%Mpp, 2,20 130.0 us - 8.941  8.985
207pp (n,np) 29611 0.0 419 m - 7.49 7.527
20754 (0,02, 1,63 0.80 s - 1.633  1.641
2075 (n,p) 2711 0.0 4,79 m - 0.650  0.653
20754 (n,p) 207Mpy 1.34 1.3 s ~1.991  2.001
2085}, (n, 3n) 206Mpy, 2.20 130.0 us  -16.31  16.39
2080, 203%™, 163 0.8 s - 9.00 9,045
20851 (n,v) 2%%p 0.0 3.3 h 3.938 -
2085}, (n,p) 20873 0.0 3.1 m - 4,211 4,230
2085y, (0,01 20%pg 0.0 55 m 6.186  —-

15
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G. Time-Dependent Radiation from Mixtures of Plutonium Isotopes (D. G. Fos-
ter, Jr. and T. R. England)

The applied use of plutonium from reactors, particularly if the plutonium
is recycled, leads to 2 need for data on the time-dependent spectra of neutrons
and photons emitted spontaneously by mixtures of these isotopes. It is impor-
tant to include x-ray emission in the photon spectrum, as was noted last quar-
ter. In evaluating the spectrum of neutrons frcom spontaneous fission, one
must recognize the fact that the emitting nucleus is at a much lower excita-
tion energy than is the case for neutron-induced fission, so that the nuclear

temperature and V are substantially lower than the values familiar from the
induced-~fission measurements.

Ve have performed CINDER calculations of the change in these spectra from
the time of separation to 100 years later, using two reference mixtures of
isotope521 representative of the first plutonium-enriched cycle in a pressur-
ized water reactor and cf the equilibrium after many cycles. These composi-
tions are given in Table II.

Imrediately after separation, most of the photon radiation comes from the
decay of 238Pu, even in the first-cycle mixture. The time dependence there-
after is dominated by the decay of 241Pu, which decays almost entirely by beta

2
4lAIr«. The immediate photcns result from a

2.45 X 10—5 alpha branch. Within a few weeks, the 237U daughter from the al-

emission to the ground state of

pha decay comes into secular equilibrium and triples the photon multiplicity
per parent alpha decay. The dominant beta—-decay tranch produces no photons

irmediately, and does not become important until encugh 433-year 241Am has

241
e

grown in for its decay rate to Ltecome appreciable. Th Am emission dom-

inates the total radiation within 2 years for the first-cycle mixture, but

does not exceed the emission following 238Pu decay until the 20th year in

the equilibrium mixture. Figure 13 illustrates the effect of 241Am for the two

cases. The yield from 241Pu itself and from its 237U daughter are becth too
small to show in Fig. 12, however.

Figure 14 illustrates the changes ir the photon spectrum which accompany
these changes in intensity. The hardening of the spectrum is a direct result
of the higher average energy of photons emitted by 241Am.

The spectrum of spontaneous-fission neutrons is almost independent of
time after separation, since the nuclear temperatures change rather slcwly
with mass number, and the spectrum is dominated by isotopes (238Pu and 240Pu)
which differ by only two in mass number.
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Fig. 13,

TABLE II

ISOTOPIC COMPOSITIONS

Plutonium First Equi-
Isotope Cycle librium
238 0.015 0.116
239 0.575 0.216
240 0.232 0.173
241 0.130 0.142
242 0.048 0.353
> T T T T | T T T T
2 40t FIRST CYCLE  AYERAGE PHOTON ENERGY
N R T,
2 L --"""TEQUILIBRIUM -
0]
ﬁ’ lcl) Il 1 s ) J s 1 FE— 3
10" = ;
F eI T ;
P R, ?%pu (0.12)
/241 PHOTON INTENSITY ™
12 Am(000)  "'FRoM Pu FUEL
10 ——FIRST CYCLE E
- ---- EQUILIERIUM ]
2385, (0.015) ]
240p, (0.23) .
BT A
16" 290y (07
A 23%,, (052) ]
[ 23%, (0.22)
S N T e
1076 50 100
TIME (yr)

Absolute photon-emission rates and average
photon energies for two different mixtures of
plutonium isotopes, calculated from 0 to 100
years after separation. The fraction of each
isotope in the initial mixture is given in pa-
rentheses after the isotogic symbol. 2 1Pu,
its 237y daughter, and 242py have yields too
small to show in this figure.
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Fig. 14,

Photon Energy— Emission Spectrum of Pu Fuel

OO yr
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!
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Photon Energy, MeV

Normalized energy-emission spectrum as a function of time
for two different mixtures of plutonium isotopes. At the
time of separation the spectrum is dominated by L x rays.
The hardening of the spectrum at later times is caused by
the growing in of <%**Am.




Table ILI gives the relevant parameters for each isotope, and Fig. 15 illus-
trates the time variation of the total emission. The total neuvtron yield of the

equilibriur mixture at separation time is almost double that of the first-cycle

. 238
nixture because of the much greater >®Py content, but it decays faster with

"
“38P

time because of the short half-1life of u.

H. CSEWG Standards Task Force Meeting at Brookhaven National Laboratory
March 22-23 (G. Hale and L. Stewart)

1. The LASL evaluation for hydrcgen scattering and for the 3He(n,p) cross
sections were adcepted as Version V standards withcut modification of the data
as presented in Version IV, except for a change in the interpolation scheme for
hydrogen.

2. The LASL R-matrix predictions described above for the 6Li(n,a) and the
lOB(n,oco) and (n,alY) cross sections were presented and proposzd as Version V
standards for energies below 150 keV. Error estimates on the "Li data range
from 0.67% at thermal rising to 3% for energies covering the 240-keV reso-
nance.

3. Oak Ridge National Laboratory (ORNL) made presentations on carbon
scattering which indicate the need for changes in the angular distributions up
to 2 MeV., These were recormended by the Task Force for Version V.

4. Brookhaven National Laboratory (BNL) will renormalize the Au(n,y) ex-
perimental data where appropriate to the new Version V recommended standards and
present the results at the Cross Section Evaluation Working Group (CSEWG) Stand-
ards Subcommittee meeting at BNL in May.

2. Above 200 keV, much work was undertaken by the group on 235U fis-
sion, such as renormalization of earlier data and choosing a2 normalization
for relative measurements, and a preliminary point-wise cross~section eval-
uation was completed. (LASL has been asked to collaborate with ENL on the
point-wise data.) Guidelines were written for an evaluation below 200 keV
with BNL, ORNL, Aerojet Nuclear Corporaticn (ANC), and Bettis cooperating.
These results are to be presented for review at BNL in May. It is already
apparent, however, that 235U fission will decrease significantly over ruch of
the energy range from a few keV to 20 MeV.

6. The evaluation of the thermal constants, except for the 6Li(n,OL) re-
action, has not been completed, and therefore could not be reviewed at this

time. This work should be completed by the May CSIWG Meeting and presented at
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TABLE IIT

SPONTANEOUS FISSION PARAMETERS

Average
Energy Branching Half-Life
Isotope Nu-Bar MeV Fraction Years
238, 1.920 1.819 1.7 x 1072 87.74
239, 2.050 1.854 4.5 x 10712 24370
240p,, 2.154 1.882 4.9 x 1078 6536
242p, 2,440 1.956 5.5 X 10772 386700
2410 2.310 1.923 3.8 x 10 12 433
> 19 Fust cycle T
E ﬂ—--——-———-—--—--——————-——-——-—-—-———-v—--—_———-—-—-———-—_:
n.uE 18 Equilibrium 1 Average neutron energy
0"'8 . , ]
i Spontaneous - Fission Neutron Intensities from Pu Fuel ]
r First cycle ]
i — — — Equilibrium
g WB_\EM{‘ e
o i — —
B T %]
S LT T T — 4
5 | 238pu ]
b= - R
2
é I~ -
s 238
3 lo-zo_m’\_
£ F 1
02! 1
50 100
Time, yr
Fig. 15. Absolute emission rate of spontaneous—fission neutrons

and the average neutron energies for two different mix-
tures of plutonium isotopes, calculated from 0 to 100
years after separation.



that time. A preliminary value for 235U fission was made avallable to the Task

Force, however, by Norman Holden (BNL).

I. '"Big Three Plus Two" Task Force Meeting at Prookhaven National Labor-
atory, March 24-25 (R. J. lLaRauve and L. Stewart)

q
The need for changes in the evaluated data for 235U, 238U, 239Pu, “40Pu,

241
and Pu was the topic for discussion in this meeting. The energy range covered

was sub-thermal to 20 MeV. The topics included changes in thermal constants, V,
fission spectrum representation, delayed neutron yields and spectra, in addition
to modification of the cross sections themselves. Most of the time was spent on
fission and capture with a special session on inelastic scattering and another

on sensitivity studies of the important parameters. A fecrmat change for the in-
troduction of "pseudo levels" in Version V was proposed by LASL; the formal prc-
posal was completed for early distribution. In concert with ENL, LASL also pro-
posed new Phase I review procedures and Lelped design the review sheets. This

topic will be reviewed at the May meeting by the parent CSEWG Committee.

II. NUCLEAR CROSS-SECTION PROCESSING
A, MINX Code Development (R. E. MacFarlane)

The final draft of the MINX report has been completed except for sections
describing IBM conversion and validation of the IBM version against the CDC ver-
sion. The final CDC version of the code has been sent to CRNL for conversion
and testing. When the results of this process are received from ORNL, the MINX

report will te completed and the code packages prepared for release to the

Argonne Code Center.

B. LIB-IV (R. B. Kidman and R. E. MacFarlane)

Work has been completed on the neutron cross-section portion of LIB-IV, a
50-group, 10l-isotope library based on the latest version of ENDF/B-IV. A mag-
netic tape package containing LIB-IV and the three utilty codes CINX, LINX, and
BINX (for manipulating LIB-IV or any CCCC-III data) was sent to BNL for distribu-
tion to the nuclear community. Several laboratories have already obtained the
package (Westinghouse Advanced Reactor Division [WARD], ORNL, General Electric
[GE], and BNL).

This library has been tested in the calculation of several CSEWG benchmark

criticals to provide a comparison with other labs and codes and to give an Indi-
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cation of how LIB~IV may perform in reactor design calculations. Some of the re-
sults are shown in Table IV. Only in a few cases do the current LIB-IV results
increase the spread in integral results already established by other codes and
libraries. Such agreement is encouragling and, since MINX is very similar to
ETOX, one can easily extrapolate from past comparisons and validations of ETOX
and the shielding factor method (SFM), and state that LIP-IV offers a simple,
reliable, accurate, fast, and directly interpretable scheme for processing nu-
clear data for reactor calculations.

A document describing LIB-IV has also been completed this quart:er.22 Efforts
can now focus on the second phase of LIB-IV; that is, adding a library of gamma

cross sections that will allow LIB-1IV reactor calculations to include gamma-ray

effects.

C. 240-Group Library (LIB-IV-240) (R. B. Kidman)

Work was started on generating a 240-group cross-section library based on
the data in ENDF/B-IV. These multigroup constants are being stored in the
CCCC~III format for use by the nuclear corrunity.

Table V shows the 24C-~group structure of LIB-IV-240. Many commonly used
group structures are subsets of this 24C-group structure (for example, the LIB-IV
50-group structure and the widely used 26-group half~lethargy structure). Table
VI shows the materials presently comprising LIB-IV-240, their data scurces, pho-
tostore name, MINX running times, and their sigo sets. All of the materials in
Table V%3gere run for 3 temperatures--300, 900, and 2100 K. All of the materials
except U were run with the following MINX tolerances: resonance reconstruc—
tion 0.005, linearization 0.002, Doppler thinning 0.002, and adaptive integra-
tion 0.001. A resonance reconstruction tolerance of 0.0l was used for 238U.

The basic, resonance-smoothed weighting function used in MIKX was a thermal
spectrum (with a Maxwellian temperature of 0.025 eV) up to 0.1l eV, a 1/E spec-
trum up to 0,8208 MeV, and a fission spectrum (with a nuclear temperature of 1.4

MeV) above 0.9202 MeV. If the ENDF/B-IV data permitted, PO, Pl, P2, and P

scattering wmatrices were generated. ’
Under each material photostore name, there actually exist two files, an

ISOTXS and a BRKOXS CCCC-III file for that material. They can be accessed with

a CROS control card such as S$PHOTOR(FS=LI6L,LOCAL=DUM,CAC=TC2RBK,VERS=1) which

puts the two 6Li files out on the unit named DUM.
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TABLE IV

CENTRAL SPECTRAL INDICES (C/E) AND EIGENVALUES

RATIQ WQQ.T.
U225 (NJF)

PU240 (NGF)
PUP239(NF)
U238 (N,F)

U23R (N+G)

NP23T7(N.F)
UP36(NWF)

U?34(NQF)

U233 (NyF)

TR232(NLF)
AU (N+G)

KEFF
AVE KEFF REF 8

PU FUFLFD® U FUFLED®
JEZEBFL VFRA=11A 7PR~f(=7 GODIVA 7PR=3=~1) IPR=-6=HA
1.0R50 140540
«9363 1.0836 . 9625 .9728 0 9R4G3
« 9485 1.1531 9377 1.08461 1.0563 9452
1.0534 09925 ¢ 9691 1.0309
« 9448 1.1758 1.0506
«7TR51
9762 1.0405
«9287 «9993 «9241 «9Q89
1.0758
8491
«995¢4 «9904 . 58923 1,007} 1.0152 .901¢8
« 9922 .9883 « 9884 1.,0061 1.0091 « 9909

#ARRANGED IN ORCER OF SPECTRUM HARDNESS.
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PUWN—OODPNOVIHWN - -t

TOP
EMERGY
(FV)

1,9970F+7
1.9640F 7
1.915GF«7
1.86RPE+7
1.8221E+7
1oT771E7
1.7333F 7
10690QE‘7
1.64RTF 7
1.60R0E+7
1.56R13€+7
1.529KE«7
1.‘0918E07
1.4191FE+7
1.384.0E+7
1.3490F«7
103165E’7
1.2840E+7
142523E+7
le2214E+7
1,1912E+7
10161RE‘7
1.1331E+7
1.1052E7
1.077GE 7
1.0513E+7
1.0253E+7
1.0000E+7
9.7531E+6
6.,5123E+6
Q.2TT4LEH
9. 0484E+6
8.8250F 6
8.6071F+6
Be3F4AF+6
8.,1873F+6
T.9852F+6
T.78R0F+6
T.S957E+6
Te408PF 6
T.2253E+6
T¢0469E+6
6.8729F+6
6.7032€¢6
6.64T6EFE+6
6.5924E+6
6.5377F «6
6.37A3E+6
6.21R09€ 46

LIB~Iv-240 GROUP STRUCTURE

TABLE v

LETHARGY
WIDTH

0167
« 0250
« 0250
0250
<0250
« 0250
+ 0250
« 0250
0250
« 0250
0250
+ 0250
«0250
« 0250
« 0250
«0250
« 0250
« 0250
«N250
«0250
<0250
« 0250
«0250
« 0250
0250
«0250
« 0250
« 0250
« 0250
<0250
« 0250
« 0250
«0250
«0250
« 0250
+0250
«0250
« 0250
« 0250
« 0250
« 0250
« 0250
0250
« 0250
«00R3
« 0084
«0D0R3
« 0250
« 0250
«0250

Top
ENERGY
(EV)

6.0653E«6
S.9156E¢6
5.7695E+6
S«4BRIECE
502205E‘6
4,96G50E+6
448432E+6
907?37506
4.6070E’6
4.4933E¢6
442741E+6
4,0657E+6
3.8674E+5
3.678RE+6
3.4994E+6
3.3287E+6
3.2465E+6
3.1664E4+6
3.08RPE+6
3.0110E+6
2086‘;”8’6
2.7253E+6
2.5924E4+6
2.4660E+6
2.4251E+6
2.3852E+6
2.3653E+6
2.3457E4+6
243069E+6
2+2689E+6
242313E4+6
2.1225E46
240190E <6
1096916’6
1.9?05E46
10873]8‘6
1.826RE+6
1.7377L+6
1.6530E+6
1.6122E 6
15724846
1.531358E+6
1049575‘6
104227E06
1.3534E+6
1.2873E+6
1.2248E+6
1.194E+6
1.1648E«6
1.108n0E¢6

LETHARGY
WIDTH

« 0250
« 0250
« 0500
« 0500
« 0500
« 0250
« 0250
« 0250
« 0250
« 0500
« 0500
« 0500
«0500
« 0500
+0500
« 0250
« 0250
« 0250
« 0250
<0500
+ 0500
«0500
« 0500
«0167
« 0166
« 0084
«0083
«0167
«0166
<0167
«+ 0500
« 0500
« 0250
« 0250
« 0250
« 0250
«0500
« 0500
« 0250
« 0250
« 0250
« 0250
«0500
«0500
«0500
« 0500
« 0250
« 0250
«0500
« 0500



10
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
llo
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
l40
141
142
143
144
145
14¢
147
la48
149
1So

TABLE vy (CONT,)

LIB-Iv-240 GROUP STRIICTURE

TOP

ENFRGY LETHARGY
(EV) WIDTH
l005Q0E06 .0500
1.002AF«6 . 0250
9.7783E+5 «0167
Ge6164LE 45 «00R3
G.53(9F+S «0500
Q9.071RE+S +05n0
8.6294F +5 « 0500
B.20R8E+5 « 0500
T.8082F+5 «0500
T 42T4E+S «0500
7<06S51E+5 « 0500
3.7204KF +5 «0500
6.33238F+5 «0S00
6.0810F+5S «0500
S.TB4L4LE+S «0500
Se5023E+5 + 0280
503665805 00250
Se2340E+S « 0250
SelO"?F’S 002"-’0
GeQTRTE S « 0509
4.5049F+5 + 0500
4.2852E+5 « 0500
4. 0762E+S «0500
3.8T74LE+S « 0500
3.6883F+5 « 0500
3.5084E+5 « 0500
3+43373F+5S +0500
3.1T74AF+5 « 0250
3.0962E+5S «0250
3.0197E+5 « 0250
2.9452F «5 « 0250
248725E+S « 0250
2¢8015E+5S « 0280
2eT324E+5 «0500
2.5991E«S « 0500
2eLT24F +5 + 0500
2.351RF+5S « 0500
2.2371E+5 « 0500
2.1280F+5 «0500
2.0242F ¢S «0500
1.9255F+5 «0500
1.8316E+5 « 0500
107Q2?E05 002%0
1.6992F «5 «0250
1.6573E+5 .0250
1.61673E+5 «025%50
1.5764F+5 « 0500
104996F’5 «+ 0500
1e4264F+5 « 0500

TopP

ENFRGY LETHARGY

I (Ev) WIDTH
151 103569E‘S 00500
152 1.2907E+5 « 0500
163 1.2277E+5S + 0500
154 101679E0q '0500
155 1.1100E+5 «1250
156 9.R037E+4 «1250
157 8.6517E+«4 «1250
158 Te6351E ¢4 «1250
159 6.737QE 4 «0750
160 6.2511E+4 +0500
161 Se9462E 44 « 0560
162 5.6582E+4 « 0750
163 S.2475E ¢4 «1250
164 4.6300E+4 1250
165 4.0RB6RE+4 1250
166 306066E04 « 0250
167 3.5175E«4 «0250
168 3.4307€E+4 « 0750
169 3.18728E+4 «1250
17¢ 2.801380C+4 « 07590
171 2060;RE04 00500
172 2.4TRRE+4 «0250
173 2.4176E 44 « 0250
174 2¢3S57QE+4 « 0750
175 241875E <4 «0250
176 2.1335E ¢4 «1000
177 1.9305E«4 «1250
178 1.7036E ¢4 1250
179 ltSO34E‘4 01250
180 1.326RE+4 1250
181 1.1709E+4 01250
182 10066650A 01250
183 9.1183E+3 «1250
184 8.0473E3 «1250
185 T.1017E+3 +1250
186 6.2673E+3 1250
187 S.5308E+3 «1000
188 5000QSE‘3 01000
189 4.5283E4+3 «0500
190 4.3074E+3 <0500
191 4,0973E 3 «1000
192 3.7074E+3 «1000
193 3e3546E+3 «1000
194 3.0354E+3 + 0583
195 2.8635E+3 e 0417
196 2eT465E 3 « 0500
197 2¢6126E4+3 « 0500
198 2.48SPE3 «1000
199 2424R7E+3 «1000
200 2.0347E+3 «1000
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TABLE vy (CONT.)
LIB=-1V=-240 GROUP STRUCTURE
TOP ToP
ENFRGY LETHARGY ENERGY LETHARGY
1 (EV) WIDTH I (EV) wIDTH
20 1.84116+3 «10n0 221 2.907273E ¢} «2500
202 1.6659F43 .0500 222 2.2A0E ¢} +2500
203 1.584AF¢3 « 0500 223 1.7603E+1 «2500
204 JoS5073E+3 «1000 224 1.3710£+1 « 2500
205 143639E¢3 1000 225 1.0677E+1 «2500
206 1.2341E+3 #2500 226 8.3153L 0 «2500
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209 S.8295F«2 « 2500 229 3.9279E+D « 2500
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21 3.535RE+2 #2500 231 2.3824E40 +2500
217 2+.7534E¢2 2500 232 1855480 «2500
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214 1.6702€+2 «2500 234 1.1254E+0 « 2500
21s 1.3007F+2 «2500 235 8.7642F~1 « 0500
216 l1e0130E 2 «2500 236 8.3368E~) « 2000
217 7.8893€¢1 «2500 237 6.8256E-1 « 0880
218 6e14462F ) «25N0 238 6425008 -1 «1620
219 4,7851F«1 «2500 239 5.31580~1 «2500
220 3,7267F 1 <2500 240 4,1309E-1 10.6318
1.0000E-5
TARBLF VI
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150Txs 1S0TXS
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i: =738 1762 U238P 13 6456 b?ggt ; Zfég 0
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As the need arises, more materials will be added to LIB-IV-240 in order to

provide a complete librery for use in fine-group nuclear calculations.

D. CINX, LINX, BINX (R. B. Kidman and R. E. MacFarlane)
The following utility codes for manipulating CCCC-III ISOTXS, BRKOXS, and

DLAYXS files have been completed and documented this quarter. CINX23 will ex-
actly collapse fine-group data to subset coarse-group structure, and also change
the format of the data to 1DX cr PERT-V form, if desired. Ll§§?4 will combine
two multi-isotope CCCC-III files into a new composite CCCC-C file. §I§§?4 will
convert CCCC-III data from binary to BCD mode, or vice-versa, and selectively
print the contents of the files.

These three codes are being included in the magnetic tape distribution of

LIB-IV.

E. ETOX vs MINX Comparison (R. B. Kidman)

In an effort to disccver any remaining errors in MINX, ETOX and MINX re-
sults are being thoroughly examined by a detailed group-by-group cross-secticn
comparison, and by comparing effective cross sections and integral results on the
Processing Code Comparison Subcommittee's infinite homogeneous ZPR-6-7 specifica-
tion. Several discrepancies have been discovered that lead to cross—section dif-
ferences but which seem to have nearly an insignificant effect on keff.

1. ETOX does not correctly combine f-factor contributions in an overlap
group that contains a boundary between a smooth, resoclved, or unresclved re-
gion.

2. ETOX is mot totally correct in its method of handling discrete in-
elastic scattering.

3. ETOX does not handle the File 5, LF = 1 secondary energy distribution
correctly.

4, ETOX arbitrarily resets resonance region f-factors > 1.0 back to 1.0.

3. The MINX and ETOX fission spectrum welghting functions do not cut
off at the same energy.

6. MINX does not self-shield the (n,a), (n,d), (n,t), etc., reactions.

7. ETOX does not reaction rate weight v, u, or £&.

Most of these discrepancies will be removed so the comparison can continue

on a "clean" basis with a better chance of discovering difficult errors.
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F. NJOY Development (R. E. MacFarlane and R. M. Boicourt)

New developments for NJOY this quarter have included CCCCR extensions
(see Sec. G), photon interaction processing (see Sec. I), free-form input,
and code conversion for the LTSS time-sharing system.

Free-form card input is very convenient for any code, but it is almost
necessary rfor codes used on terminal-based systems such as LTSS. A simple
free~form input processor has been added to the NJOY utility code. It was de-
signed to be as machine independent as possible, but slight changes in mask-
ing statements and in parameters such as the number of bits per computer word
may be required on other systems. Hollerith strings are input as "nHstring"
or "#*string*." All numbers are read as floating point (integers may be fixed
by the calling routine later) and can be delimited with blanks or any charac-
ter not used for some other purpose. The "E" is required for exponential
numbers, but may have spaces before it (i.e., .00l or 1 E-3 are all right, but
not 1.-3). The "/" is used to terminate an input operation and leaves any
unloaded variables unchanged.

The LTSS time-sharing system and the LRLTRAN language have many peculi-
arities not found in other computer operating systems. This requires some
code conversion, but it also provides a good test of the machine-independent
coding rhilosophy followed in the NJOY development program. For example, in
NJOY all input/output takes place through utility routines which can be tai-
lored to a particular operating system without requiring changes to the main
program. LTSS input/output is most efficient when data is buffered through
LCM. Special versions of the utility routines have been developed for this

purpose and are being tested.

G. CCCCR Extensions (R. J. Barrett, R. E. MacFarlane, and R. M. Boicourt)

The CCCCR module has been improved and tested in a number of significant
ways. Coding which calculates the isotcpic fission spectrum (CHISC), the
fission yield vector (SNUTICT), and the transport cross section has been com—
pleted and tested against hand calculations. Mathematical formulae for

these parameters are as follows:
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¢g refers to the group flux, and
vg refers to the group fission yield.

The subscript f stands for fission and d refers to
delayed fission neutrons.
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where % refers to the Legendre order and X refers to the reaction type. The

present version of CCCCR calculates only the P-wave ({=1) transport cross sec-

tions.
The BRKOXS section is row correctly calculating the transport self-
shielding factor, as verified by hand calculations.

The ISONGX file, an experimental file developed for interfacing (n,Y) cross

sections, has been improved through the inclusion of a principal cross-section

record which includes cross sections for fission, neutron capture, and nonelas-

tic neutron interactions. The purpose for including this information is dis-
cussed in Sec. H.

The CCCCR module will now produce multi-isotopic ISOTXS, BRKOXS, DLAYXS,
ISONGX, and ISOGXS files using output from the GROUPR and GAMINR modules.

H. Photon Library (R. J. Barrett, R. E. MacFarlane, and R. M. Boicourt)

In February 1976, Group T-2 released a 50-group, 10l-isotope library of
rwltigroup neutron constants (LIB-IV) (see Sec. B). As a supplement to this

library, a library of N»y and y*Y cross sections using the same 50-group neu-

31



tron structure and the Straker25 22-group subset of the CSEWG 103-group gamma
structure is being produced. Additionally, coding will be developed to as—
sist the user of the photon library in utilizing the photon data in reactor
design codes.

The n*y group—averaged cross sections are produced in the GROUPR module
of NJOY, and output in the experimental 1SONGX format by the CCCCR.module of
NJOY. The ISONGX file differs from the n*y section of ISOGXS in two very im-
portant ways. In addition to the total n*y cross-section matrix found in
ISOGXS, there are also matrices for fission-related gamma production and
gamma production from neutron capture. This allows the gamma matrix to be
self-shielded properly by the design cede. Secondly, a neutron~principal-
cross—-section record has been included in ISONGX. Thus, the code which self-
shields the gamma-production data need only have the self-shielded reutron
cross sections (not the f-factors) available to it. During this past quarter,
the capability of producing a multi-isotope ISONCGX file ir NJOY was completely
debugged and checked against hand calculations.

Photon-interaction (Y*Y) cross sections for 94 isotopes are available in
ENDF/B-IV. These data will te processed into rultigroup form using the new
GAMINR module of NJOY (see Sec. I). The Yy cross sections will be output in
the CCCC standard ISOCXS format. During this past quarter, the necessary coding
to produce an ISCGXS file containing only the phecton-principal cross sections
and the Y~y total cross-section matrix (ro r»y or y»n data) was produced (see
Sec. G for additional details). This program has been tested using output from
the GAMLEG26 photon processing coede.

The BINX code24 was developed to perform BCD -+ BINARY and BINARY -+ BCD con—-
versions on the ISOTXS, BRKOXS, and DLAYXS standard interface file. FTeor the
purpose of exporting the photon library, BINX has been updated to convert ISONGX
and ISOGXS files as well.

If the pboton library is to be of any use in reactor design problems, the
coding necessary to interface the n*y and y+*y data with design codes such as 1DX
and SPHINX must be developed. The cross sections will have to be self-shielded,
zone~averaged, and collapsed into more compact group structures. Several ques-
tions are being studied as to how this can test be accoemplished. For instance,
it is not yet clear whether a separate code should te developed which takes

self-shielding factors, zcne mixture densities, and zone fluxes from the design
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code, or whether the design code should be altered to do the necessary manipu-
lations. This gamma code must produce both coupled sets of neutron and gamma
cross sections and separate files for each. The 1DX and SPHINX codes are being
studied in an effort to single out the best answers to these and other ques-

tions.

I. Photon Interaction Cross Sections (R. E. MacFarlane, R. M. Boicourt, and
D. W. Muir)

Photon absorption and scattering cross sections are important for both
shielding and heating calculations. At LASL, various versions of GAMLEG26 have
been used to generate these cross sections. However, recent improvements in
the ENDF/B photon interaction files27 have made form factors for coherent and
incoherent scattering easily available. Since GAMLEG is not capable of pro-
cessing these form factors, a new NJOY module has been designed and coded for
processing photon-interaction cross sections,

The GAMINR module is based on the data handling and integration schemes
developed for the GROUPR module. Photon cross sections are retrieved from a
PENDF tape previously prepared using RECONR. The weight function can be con-
stant or read-in as any function representable as an ENDF/B TABl record. The
multigroup cross sections can then be generated for total, coherent, incoher-
ent, pair production, and photoelectric using a variety of preset group struc-
tures or a structure supplied by the user.

In order to calculate the Legendre components of the coherent and inco-
herent group-to-group transfer matrix, the appropriate '"feed functions" must be
computed. These functions are Fgg'(E)’ the {th component of the probability

of scattering into group g' from initial energy E. For coherent scattering

~1 9 5
N Rl LT e
Fg,g' (E) = 4

1
/_1<1+u2> |6 [2an

for E in g' (they are zero otherwise). The form factors are tabulated on the

ENDF/B tape vs x = 20.60744(2E/E0) (1-4)/2 where E0 is the electron rest mass
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energy of 0.5110034 MeV. The integrations are performed by Lobatto quadrature
using panels defined by the x grid of the ENDF/B table. Form factors between
grid points are interpolated according to the scheme specified and not by the
log-log-quadratic scheme discussed in Ref. 27. For incoherent scattering, the

feed functions become

.{: dE' S(x)OKN(E-*E' )PR,(“)

:an
2/8' (E) LY
de'(x)KN(E+E')
where
E E
u=1+ -9' - '—Q‘ ’
E E'
x = 20.60744(2E/E )J(l—u/z Y1+ E2/EE 4 25/E) (1w /2/ (HE-WI/E,)
and

Q
1]

2 2
30,08 E_+g'_+2<EQ_EQ>+<fE_EQ>
KN 8E2 E E E E" E E'

Once again, the integrals are performed using Lobatto quadrature on panels de-
fined by the group breaks and x grid. For large enough energies, the effect

of the form factor is neglected to speed up the calculation. FHeating KERMA
factors (Kinetic Energy Release in MAterial) are computed at the same time as
the cross sections and transfer matrix elements by defining special feed func-
tions. Coherent scattering does not cause any heating. For incoherent scatter-

ing, the feed function is set equal to

fne de‘E'S(x)cKN(E+E')
Fheat(E) = E -
de'S(x)OKN(E-*E')
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for pair production,

PDs e 6
Foot (E) = E -2 X 0.5110034 X 10°

and for photoelectric '"capture,”

The heating contributions are totaled as they are computed.

The cross sections, matrix elements, and total heating values are written
onto an ENDF-like output tape. This tape can be saved or used as input to a
formatting module. Coding has been added to the CCCCR module to write out pho-
ton-interaction constants as an ISOGXS file.28 Gamma production and neutron
production sections of the file are flagged off. The ﬁrinciple cross sections
include the P, weighted total and the P

0 2
"source from total decay'" is set to zeros. The 'total absorption" cross section

transport cross sections, but the

contains the photoelectric cross section only--the Y2Y reaction is not sub-

tracted. This system will be used to produce a library for distribution as a

supplement to LIB—IV.22

J. Elastic Scattering of Thermal Neutrons in Polycrystalline Materials (R. E.
MacFarlane and R. M. Boicourt)

Thermal neutrons have wavelengths commensurate with crystal plane spacings
so Bragg scattering effects must be considered. The most important of these ef-
fects is the "Bragg cut-off" below which coherent elastic scattering vanishes.

A new group of subroutines has been written for NJOY which calculates the coher-
ent and incoherent components of elastic scattering for hexagonal lattices. The
methods used are extensions of those developed for the HEXSCAT code.29

The coherent part of the elastic scattering from a polycrystalline material

is given by30

coh h

2
' =
cel (E QE’UO) 0coh 4MEVO

X N(T) -2w_ |F 2 f 22
SN oy L s BT seEn @)
*0

Where M is the mass of the scatterer, V. is the volume of the unit cell, N(x) is

0
the number of reciprocal lattice vectors of length T, WDis the Debye-Waller
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factor and lFIZ/N is the form factor per atom of the unit cell. All vectors are
summed with lengths less than Ty = 8ME/h2. The number of these vectors is
very large for even moderate energies (e.g., 234 for 0.08 eV in graphite); how-
ever, the vectors become so dense at large T that the sum can be converted to an
integral. This is a limited application of the "incoherent approximation.”" The

scattering kernel becomes

el coh 4ME

O
coh(E +E l-l )y = E l{‘ -zw ] ]
T*0

h2r
x §(1 - ME uO)G(E -E")

T
o 2 ¥ drre 2y §(1- h,? S (E-E"

To

where TO =PJ8MEO/h2 and E0 is an arbitrary break point. Finally, the Legendre

components of the coherent elastic scattering cross section become

:Ef 2 2 2
coh ~ Nt 12 |F] I
Oe1,8® = 9%on 2MEV ~ T N T avE
Q- )
E (3)
1 f (L) p :
+.§ Gcoh -1 due R(UO)

for energies greater than E Only the first term is required for lower ener-

0
gies. The incoherent elastic scattering is given by

=

1
lnc - _w" 1-
Oe1,2(B) =50 f AHo) 2y ()
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The summation in Eq. (3) is performed using the methods of HEXSCAT. For in-
creased efficiency, the contributions for each Bragg edge are precomputed and
reused at each energy requested. The energies used to describe the cross sec-
tions include two points to describe each Bragg edge and additional points
chosen adaptively so as to represent all desired Legendre components of the
cross section with lipear interpolation to some desired tolerance. The re-

sulting grid is very economical.

X. Continuous-Energy Monte Carlo Cross Sections (R. E. MacFarlane)

The MCNR module of NJOY produces pointwise cross sections and probability
distributions for energy and angle distributions for neutrons and photons.
These constants are written out in an ENDF-like format originally developed for
the ETOPL code.31 However, the LASL continuous-energy Monte Carlo code MCN32
uses a different format especially constructed for fast data retrieval. A new
formatting code, McNJOY, has been developed to carry out this conversion. It
was based on the earlier version used with ETOPL, but it was possible to
achieve considerable simplification. All heating calculations were removed be-
cause the ETOPL-format tapes already contain pointwise heating cross sections
produced bv HEATR. All binning and coordinate system transformations were re-
moved since these functions are performed by MCNR. Finally, the photon-spec-—
trum coding was changed to reflect the new representation used by NJOY. The
data produced by NJOY-McNJOY is now being tested before the system is put into

production.

L. Probabilistic Thinning of Large Neutron Cross-Section Libraries for Monte
Carlo (D. W. Muir and R. E. MacFarlane)

Straightforward approaches to the generation of tabular cross-section 1li-
braries33 for use with continuous-energy Monte Carlo neutron transport codes
often lead to very large data sets. These large data sets (as many as 20 000
energy/cross-section pairs in the resolved resonance range) cannot be used di-
rectly in Monte Carlo codes because of storage limitations. We have attempted
to remedy this situation by constructing synthetic cross-section structures,
which permit the reproduction of most important neutron transport phenomena with
2 much smaller, i.e., "thinned," data library.

In matching the thinned set to the original, we have required that the

probability table34 for the thinned set provide a best fit (in a least-squares
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sense) to the probability table of the original data. The spacing of points

in the thinned set is about one~eighth the average lethargy change per colli-
sion. 1In the keV energy range, this spacing permits significant reduction in
the size of Monte Carlo libraries, even for the heavy elements. A further ad-
vantage of this approach is that probability tables can be constructed for both
the resolved and unresolved resonance ranges,35 so that a single cross-section
representation can be used in both ranges.

A thinning program FROTHR, incorporating this probabilistic thinning method,
has been developed as a module of the NJOY cross-section processing system.
PROTHR has been used to prepare data libraries for calculation of low-energy
resonance capture in 238U, using the Los Alamos Monte Carlo code MCN.32 As a
reference set, we have prepared a tabular cross-section file for 238U, based on
ENDF/B~IV (MAT 1262), which covers the energy range from 10_5 eV to 103 ev.
This file contains around 4800 energy points, close to the maximum allowed by
the standard version of MCN.

Using PROTHR, a comparison set was prepared which has only 1900 energy
points. The method is intended for Monte Carlo applications, but for testing
purposes, the GROUPR module of NJOY was used to prepare self-shielded multi~
group cross sections from the two files. A comparison of the two sets of mul-
tigroup cross sections is shown in Table VII. The agreement between the two
sets is generally good. Similar comparisons between a 1400~point set and the
1900-point set show definite evidence of convergence toward the unthinned re-
sults., As a second test, the epithermal capture probability was calculated for

a heterogeneous lattice consisting of alternating slabs of D,0 (3-cm thickness)

o 2
and metallic ‘38U (0.5-cm thickness). An isotropic scurce of 1l-~keV neutrons

was located at the center of one of the D20 slabs. The results of the MCN cal-
culations were 0.385 + 0.005 (4800-point set) and 0.399 + 0.005 (1900-point
set). These first results from PROTHR suggest that tabular cross-section files
can be thinned significantly without seriously distorting important neutron
transport properties. |

M. Leakage Corrections to Self-Shielded Cross Sections (R. B. Kidwan, M.
Becker [RPI], and R. E. MacFarlane)

The feasibility of modifying space-dependent cross-section generation codes
to account for the effect of flux leakage on effective cross sections is inves-

tigated for the case of neutren transport in iron and for critical assembly
ZPR~III-54.
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TABLE VII
MULTIGROUP CAPTURE CROSS SECTIONS FOR 238U
(barns)

Dilution Factor

Energy Range (barns/absorber atom)

(ev) Infinite 100 10
1235-454 2.74 1.36 0.73
(2.69)* (1.30) (0.67)
454-167 6.71 1.79 0.84
(7.52) .70) (0.76)
167-61.4 28.0 3.23 1.40
(24.7) (3.13) (1.37)
61.4-22.6 42.1 2.83 1.44
(43.4) (2.72) (L.41)

*
Results calculated from the reference (un-
thinned) data set given in parentheses.




37,38
In the shielding factor method, 753 composition dependence for material m

and group g, is introduced through the single variable Ggm defined as

g
0]
n' #m N tm'

T = ¥ ()
m

where Ot is the total microscopic cross section, N is the atom density, and Z is
a summation over all other materials in the composition. If one can visualize
neutron leakage from a group as just another material in the composition ab-
sorbing neutrons, it is clear that another term should be added to Eq. (5) to

accommodate the leakage effects on material m. Three modifications of Eq. (5)

have been programmed into 1DX:39

1st Method
Oom eff = oim +|L§/(¢§V2Nm)] ’ (6)
2nd Method
oim eff °§m + Li/(ﬂgV N ), )
zZ zm
3rd Method
oim eff = %om + %\/TLE/(DEC’ji’Vz) | %‘: ’ (8)

where Li is the group g neutron leakage rate from the geometrical zone z con-
taining material M, ¢§ is the zone average flux for group g, Vz is the zone
volume, and Ds is the zone diffusion coefficient for group g. The first two
methods are simply converting zone leakage rates into effective cross sections
that48an be added to 00. The third method is a change based on buckling the-
ory.

These leakage effects have been most visible for nearly pure materials hav-
ing deep cross-section minima.41 For this reason, we have chosen to test the
above methods on a model of the Rensselaer Polytechnic Institute (RPI) iron

42
transport experiment. The spherical model consists of a black absorber out
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to 3.96 c¢m, a shell source out to 3,97 cm, a veid out to 7,63 cm, and 5 equally
thick iron zones out to 53.4 cm.

All three methods appear to have converged satisfactorily after only four
iterations between the flux and Iy Table VIII compares the resulting elastic
cross sections, in each of the iron zones, for a few of the groups around iron
resonances. In contrast to the unmodified 1DX results, all three methods ex-
hibit space~dependent cross sections. The largest changes occur in the first
and fifth iron zones where the leakage 1s greatest. With respect to the un-
modified 1DX results, the third method (buckling theory) yields the largest
changes, while the second method gives the smallest changes. Also, the greatest
percentage changes occur in the groups containing the large iron resonances.
Table IX compares the resulting flux spectra at the surface of the iron sphere.
Table IX shows that, as the effective group cross section is increased by
leakage, the resulting flux in that group is decreased and there is an overall
glcbal softening of the flux spectra.

The same problem was repeated with ten equally thick iron zones with the
results shown in Tables X and XI (similar to Tables VIII and IX). Comparing
Table X with Table VIII, we note that the smaller zones can have more leakage
and therefore can exhibit larger effective elastic cross sections. Also, Table
X better defines the maxima and minima that can occur spatially in the effec-
tive cross section.

This demonstrates that significant space-dependent leakage effects can be
incorporated into such SFM codes as 1DX or SPHINX.43 We now try such methods
on ZPR-IIXI-54 in order to establish such effects on more standard problems and
to determine the best correction to make.

ZPR-TII-54 was chosen because of its iron reflector and because of its
history of low calculated eigenvalues. The results of applying the buckling
theory leakage corrections (the third method) are shown in Tables XII and XIII.
(This problem used a different group structure, LIB-IV.) The encouraging points
are that it appears one does not have to artificially put in extra zones to get
the leakage correcticn effect, and that only one application of the correction
is needed (no iterations). The disappointing note is that the buckling theory

correction gives only a 1.57 increase in keff'
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TABLE VIII

LEAKAGE CORRECTION EFFECTS ON FE ELASTIC CROSS SECTION (BARNS)
(S=Z0ONE RPI FE PROBLEM)

CORRECTION

18T
eNpD
3RD

187
2ND
3RD

18T
2ND
3RD

18T
eNDp
3RO

187
2ND
3RD

18T
2ND
3RD

187
eND
3RD

METHOD

METHOD
METHON
METHOD

10X

METHOD
mETHOD
METHOD

10X

METHON
METHOD
METHOD

10X

METHGOD
METHOO
METHOD

10X

METHOD
METHOD
METHOD

10X

METHOD
METHOD
METHOD

10X

METHOD
METHOD
METHOD

10X

18T ZONE
(746 TO
16,8 CM)

1.81R3
1.55%6
149447
145556

1.8956
107235
2,8259
11,7235

ediaz
2¢3768
24524
2¢3768

2,740
2,5442
2,9018
2,5442

31,6787
31,3138
4,08519
3,3138

1,8827
16951
2,0176
1,695

241853
149077
2.U4R6
149077

2ND ZONE
(16,8 10
25,9 CM)

1.,7076
1,5556
1,8486
1,5556

1,8332
1,7235
149699
1,7235

2.3936
2.3768
2,4255
2,3768

2.,6488
2.5442
2,8738
2,5042

3,5403
3.,3138
3,8964
3.3138

1,8352
{,6951
1,9688
1,6951

2,1469
1,9077
2.3992
1,9077

IRD ZONE
(25,9 10
35,1 CM)

1,6488
1,5556
1,722
1,5556

1,8104
147235
1,9178
1,7235

2.3886
24,3943
2.4034
2e3768

2,5822
2.5789
2,6717
2,5442

31,4629
33,3138
3.6727
23,3438

17999
1,695
1,9114
146951

2,0982
1.9077
2,3265
1,9077

4TH ZONE
(35,1 TO
44,2 CM)

1.6060
1.6999
1.695%6
1,5556

1,7964
147235
1,8737
1,7235

2,3879
2,3855
2,4134
2,3768

2,6142
2,6251
2.7408
2,5042

3,3139
3,4459
3,4945
3,3138

1.7684
1.8439
146951

240694
1,9077
22541
149077

5TH ZOMNE
(4442 TO
53,4 CM)

2.8234
240246
2,093¢
1.3556

2,9889
2,0881
2,0734
1,723

2,4512
2.4499
2,4860
2,3768

2,9117
2,9093
73,8337
2,54482

4,1202
4e1292
4,0561
3,3138

2,08709
2.0748
2,154
1,6951

2.5988
25967
2,7859
1,9077
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LEAKAGE CORRECTION EFFECTS ON SURFACE FLUX (N/CM2/SEC)
(S~ZONE RPI FE PROBLEM)

TOP
ENERGY
(eV)

1,0000E+7
8,8249L+6
T.7R82E+6
0.,8730E+6
5:35¢0E+6
4,72300+6
d4,16U6L+E
3,6787E+6
3,2860L 45
2,8653E+6
2.2310L+b
1,9690E+6
1. 7389 +0
1.5330E+06
1.3530E+6
1.1940L+6
{,d540E+6
8,2080E+5
T.2U30E+58
6,3958E4+5
S.682AE45
4,94 70E+%
4,3940E¢5
3.8770E+S
3,0200E+S
2,6650L+5
2,3520E+5
C,A75PE+S
1,8310L+5
1,6160E+5
{.2590L+5%
1.1110E+5
9,80350E+4
8,6510E+4
7.6350t44
b, 7380L+4
5,9460E+4
4,6310E+4
QeuRHAEHY
3,060 +A
3,1830E+4
2,809 +4
2,4T90E+Y
1,9030E+4
1.7030E+4
1,503 +4
1.327ﬂ£+a
1.,17100+4
1.,8337E+4
1., U00AL+3

ORIGINAL
1DX

¢e22393E=10
W66BULIE=1D
2 37875E«99
v 61d35E=29
«36705E-09
25551 3F=09
257119E-09
(11223E=08
+13182E=-08
«91345¢ =08
«437017E~018
«18912E=27
.86637F-a7
,25268E=07
¢ 16949E=-06
«33832F=06
e37120E=05%
2 27202UE=-A7
c42671E=05
.78620E'ﬂ5
1 40928E=05
2 37304E=0A5
«17849E=0%
¢ 91698E=0a5
e 37702E-05
U9 T39E=05
1 39330E=05
« 9015 3E=-5
0 13781E=-04
2 27398E+-25
o 13738E-25
2 72888E=006
« 304UgE~A5
QISQRUE'@S
1 10714F-03
0 18179E-05
e 44190E~n6
27205E=06
W 18617E=06
¢45179E=Q7
¢« 22695E=-05
+725B0E=05
e1336UFE=06
s 472S6E=06
0 29884E=06
1 21274E=Q6
» 13933E~06
«213553E~25

TABLE IX

3RD
METHOD

c2R3B84E=11
«66773%L=10
«37R62E=19
L 6U9BBE=VY
¢ 30645E=19
«55125E=09
e D0L631E-09
e11@78L =08
¢ 12993 =018
«85128L-u8
837216 ~08
e 19934E~D7
0 21975L=07
¢ 20510€~07
«98322k=-007
e 22S6TE~06
¢ 15263L =45
s 2507B3E~0T
e 2B6U3E~11S
6754135
2 29377E-05
1393 7E=05
JOBTUE=QY
+84182E~-45
dU5799L =05
JUR737E =08
¢ 28083E=45
c74637E~0S
12159t -u4
42219L=05%
«22528E=Y5
«11446E=65
e 27716E-05
W 24T 78E=0RS
«19247L=35
¢ 18497E=05
e B1361E-06
p HBUS9E-P6
0 35710L~06
e 693406E=27
W 21291E-RS
«13072E=04
0 15209E=85
» 987 35E-06
62531 7L =06
JAUUSBE=06
e 2BI2ARE=B6
dU2153E=05

2ND
METHOD

¢22385k=10
b6776E=10
37864609
.6”993&."“9
¢ 36652L~09
2 55190E=09
¢e56721E~v9
(11112628
.13@15E-08
,BOBA9E YA
 42027E~08
¢ 166T1E=B7
e 23U0SE=UT
(20560E=07
«11534E~ub
(PSB1UE=Ub
¢ 167R19L 15
e13827L~07
 2760TE=25
, 75219E=u5
J403IBAE-VS
¢ 3374BL=35
0 15520E-05
2937 35€~¢S
 U6172E=05
2441 75E=aS
s 31693E=05
.8284d7L=05
e 13826E=4l
¢39722E-85
«PRP8%E=-YS
L9B72UE-"6
1 28913E=45
¢ 225 TRE= YIS
¢ 15078L =45
e JH93SE=YS
C6UAOLL=06
0 37862E~U6
, 286 TUE=B6
s U7659E=07
(19851E~35
s F6TUE=V5
0 10526L =85S
2 41702E~06
¢ 29U3BLE~V6
,1B663E=26
Q?BBQSE’US

157
METHOD

0 2238S5E~10
s66776k=10
e 37R6UE=AS
«60U993L-29
e 36652E=49
e 5519RE~09
e 56721E=~09
e11112E~4dR
s 1 3B1SE~08
L BOEAYGE=VR
2 42429E~48
e16671E~87
e23377E-07
'2{’8‘4“&'“7
o 11441E=v6
e?b M6 1E=36
0 15928E~05
18327E-07
« 26U33E=BS
s 12779E~45
¢ 394SHE=2S
¢ 32518E=65
1 15655E=05
¢ 18520E=04
e BEI12E-05
SUSTAAPE=YUS
48243k =~05
¢ 32962E=05
e 719959 ~0Y
«1312RE=34
¢ 39394 ~25
«20MURE=QS
e10227L=US
, 29UA9E=05
e} 6683E=Y5
¢ 15843E=US
' 68569L~016
4B787E=06
e S6237E-807
«PUSIAE~US
«10729L=04
«12078E=05
«7TT531E~V6
JUBRIGE=06
e 3UBV2E=~V6
e 21990k =06
¢ 33457E=05

43
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TABLE X

LEAKAGE CORRECTION EFFECTS ON Fe ELASTIC CROSS SECTION (f factors)
(10 ZONE RPI FE PROBLEM)

Group Infinitely Correction 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Dilute Method Zone Zone Zone Zone Zone Zone Zone Zone Zone Zone
X-Sec (7.63 to  (12.2 to (12.2 to (21.4 to (25.9 to (3035 to (35.1 to (39,7 to {44.2 to (48.8 to
(barns) 12.2 cm) 16.8 em) 21.4 em) 25,9 em) 30.5 em) 35.1 em) 39.7 em) 44.2 cm) 48.8 em) 53.4 cm)
24 3.1503 1st 0.59071 0.56857 0.55037 0.53517 0.52651 0.51977 0.50745 0.51601 0.52274  0.71980
2nd 0.49379 0.49379 0.49379 0.49379 0.49379 0.49379  0,69379 9.51671 9.52323 0.72012
3rd 0.62749 0.61018 0.59417 0.58058 0.56491 0.54667 0.51801 0.54843 0.56394 0.71270
DX 0.49379 - — - - —— — - - -—
25 3.1205 1st 0.61523 0.60309 0.59271 0.58451 0.58170 0.57918 0.57655 0.57604 0.57617 0.73418
2nd 0.55233 0.55233 0.55233 0.55233 0.55233 0.55233 0.55233 0.55233 0.55233 0.73401
3rd 0.65522 0.64569 0.63648 0.62802 061974 0.61060 0,60031 0.60423 0.60552 0.73641
DX 0.55233 - —-— - - - - - - —
26 2.7253 1st 0.88738 0.88221 0.87931 0.87670 0.87596 0.87685 0.87659 0.87453 0.87823 0.91750
2nd 0.87214 0.87214 0.87214 0.87214 0.87708 0.87776 0.87658 0.87214 0.87214 0.91696
3rd 0.90229 0.89772 0.89274 0.88667 0.87907 0.88463 0.88756 0.87987 0.88882 0.92421
DX 0.87214 - -— - — -— - - - —
27 3.6478 1st 0.76228 0.74552 0.73159 0.72243 0.71402 0.70349 0.71424 0.71811 0.72017 0.84485
2nd 0.69747 0.69747 0.69747 0.69747 0.69747 0.71455 0.71849 0.71989 0.71945 0.84433
3rd 0.80298 0.78909 0.77591 0.76124 0.74435 0.73398 0.74722 0.75541 0.76251 0.86012
IDX 0.69747 - - - -— — -- - -— -_—
28 6.1554 1lst 0.60349 0.59334 0.58141 0.57250 0.56653 0.55834 0.55336 0.55931 0.56675 0.73496
2nd 0.53836 0.53836 0.53236 0.53836 0.53836 0.53836 0.55223 0.56581 0.57171  0.73621
3rd 0.66321 0.65380 0.64123 0.62661 0.61090 0.59833 0.58733 0.58256 0.62623 0.77105
IDX 0.53836 - - - - —— - - —_ —
29 3.0709 1st 0.61328 0.61031 0.60223: 0.59457 0.58795 0.58395 0.57961 0.57602 0.56826 0.73524
2ad 0.55198 0.55198 0.55198 0.55198 0.55198 0.55198 0.55198 0.55198 0.55198  0.73630
3xd 0.66199 0.65427 0.64614 0.63731 0.62774 0.61260 0.61181 0.60517 0.60344  0.73963
IDX 0.55198 - - —-— - - - - - -
30 4.7464 1st 0.41618 0.46036 0.45602 0.45071 0.44500 0.44112 0.43805 0.43505 0.43258 0.62264
2nd 0.40192 0.40192 0.40192 0.40192 0.40192 0.40192 0,40192 0.40192 0.40192  0.62240

3rd 0.51796  0.51544  0.50998  0.50312  0,49544  0.48796 0.48094  0.47254  0.46868  0.63940
DX 0.40192 —_ - - - - — — - -




GROUP

- s s i s s paa
2 CONOCUVEWNN =S DDNDT N LW -

LFAKAGE CNRRECTION EFFECTS ON SURFACE FLUX (N/CM2/SFEC)
(18~ZONE RPI FE PROBLEM)

T10P
ENERGY
(EV)

1,00008+7
8,8249E+6
T,7880L+6A
6,8730L+6
5. 8500 +E6
4,/237L46
4.1686&+o
3,6787L+6
3.,2460E+06
2, 8650E+6
2.2310L+6
1,9697E+6
1.7380L+6
1-553“&46
1.353RE+6
JJil0u0g+o
1.0540E+06
8,208BRAE+H
T 2U30E4S
5. 39350L+5
H.bU22b 45
4,9470E+5
4,394aE+S
3.8770E+5
3,82872E+5
2,6650E4+5
2.3520E+5
CWTHAE+S
183170 +5
1,6100E4%
1.2590k+5
1.1110E+5
9.,8A3pE+4
8,6510E+4U
T,0350k4+4
b, 7380+ Y
5,9460E+4
4,631pPE+d
4,e850nE 44
3,6060E+4
3,1830E+4
2,8n90E+4
2s4790E+4Y
1,9030E44
127030E+4
1,5030E+4
led2700+4
1.17]ME¢Q
1.8330E+4
1,000AE+3

ORIGINAL
§0X

222395FE=19
2y 661U43E=1D
¢ 37930F =29
e61358E=-09
2 36329E=09
s D565 3E=29
«56313E=29
11304E=028
1 12818E=-08
93043608
,UP63I9E~a8
3 10082E-07
e 2b979E=07
. 23606E=07
«16981E=0p
« 3348YE=2
¢ 17453E=0
s 11601E=-07
«42358E=25
cUATHBE =015
e 37673E=25
1 1T565E=85
,22298E-04
«911U4E=05
e 37526E=05
«U48827E=QS
e 39138E=-05
091 62E=QS
e 13776F=04
2 2T085E=05
0 13679E=05
1 68755E-36
, 30625F =05
e 15898E=05%
 1CH698E =05
e10179E=05
UUDR5E=n6
e 26BTUE=Q6
,19832C-06
«32275E=a7
 2267SE=05
e 12568E=05%
147216E=96
e 29899F =06
212806E=006
e 13543F=006
e 21384E=05

TABLE XI

3RD
METHOD

e 223BUE=1]
L60873E~10
L3791 7E=0L9
,61310E=09
, 3627AE=09
,5526@E=49
«e55828E=09
L 11194t =08
(12651E=08
,86593L =08
T39P57E=28
16049t =T
(221B6E=07
«19184E=07
(9TRUE=2T
e 22202t =06
L 15802E~05
J1236UE=0T
20591t =95
L681U8E=5
,30759E=05
V13736E=05
L1 764RE=0Y
¢ BO6BUE=Y5
L45789L=05
L U1 42UE=05
2281 70E=05
V7775RE=05
L 1265TE=04
L41751E=05
e 21825E=u5
,99687E=06
«27976E=05
1 2U91RE=US
L 18912E-05
147779€=05
 77349E =26
L4S66TE=0b
,37201E=06
V25585E=07
L 2AT17E=@5
V12737E=04d
1 4U85E=Q5
,9U4248E=06
(59T4RAE=Q6
VUC520E =06
L 2707RE-16
 UB66UE=YS

2ND
METHOD

1 22385E~10
W 66A7SE=1 A
e37919E=U9
¢61315E=09
s 36276E=09
¢55322E =49
.‘55010!’_-\69
«11227L=28
«12658E~08
e 88342L=-08
 16732E=a7
1°3602E=47
4191 55E=07
|1‘36ﬂ£’86
125237E =46
¢ 16UBUE=~BS
+52688E =48
0 27239E=05
¢ 76587E=¢5
JUDU3TE=YS
s 3US6PE=85
¢ 15172E=95
¢ 2A234E=24
297373E=-95
,U65U4b6E=05
CUUU2LE=DS
«31770E=05
1 87891E=-05
e 143948kE=34
» 39945L =05
0198265-05
«83175E=06
«28771E=25
123103E =45
«15674E=95
e 14264E=85
C6N232E=36
¢ 35336E=96
0 29582E=46
e 101%56E~07
. 18699E=45
s OULBOE=US
L 98U6DE=D6H
¢ 6226BE=26
«38941E=06
127514E<06
¢ 1 7TU42E=Y6
0 26742E~y5

187
METHOD

¢22385E=17
66075L=10
¢137919E=49
e61315L~u9
2 36P76E=419
2 55322E~49
2 5591¢PE=B9
011227E<28
«$265RE=0R
+B8331E=08
«39137L=¢8
0 16729E=97
¢ 23575E-a7
v1133%L=-06
0 24999E =06
«16420E~2S
e 7VA36L=L8
v 261948E=05
s T3889E=4S
¢ 39365E=05
033728E=35
e 193B6E=US
o1911Sk~04
¢e1377E=¥5
«45445E =35
s 451 26E=05
¢ 32970E=8S
e B365BE=0VS
e 13539L=34
wdPRQTE=0BS
0 20371E=95
.88927&'06
e28660E=US
¢23826E=uS
e 154908E=35
0 66267E=06
¢ 39216E~86
e 32456k~46
«14806E=07
91917UE‘35
0 10639E=-04
s 11622E=U5
2 TU4B506E~36
¢U46915E=56
«3327UL=06
021 148E~c6
032374E=85

45
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TABLE XII

BUCKLING THEORY LEAKAGE CORRECTION EFFECTS
ON ZPR-III-54 AS A FUNCTION OF NUMBER OF REFLECTOR ZONES

Unmodified
IDX
Keff

0.93222097
0.93266139
0.93290265
0.93307022
0.93315493

Keff Mkogs %oof bk ee
After 4 Obtained After
Applications of Leak- Just One Application
age Corrections of Leakage Corrections
0.94678948 0.01456851 98.69
0.94645452 0.01379313 100.80
0.94650566 0.01360301 99.92
0.94638714 0.01331692 95.54
0.94596153 0.01280660 97.32

TABLE XIII

BUCKLING THEORY LEAKAGE CORRECTION EFFECTS ON

ZPR-1I11-54 SURFACE FLUX (N/cmz/SEC) AS A FUNCTION OF NUMBER OF REFLECTOR ZONES

Group Top Orginal After 4 Applications of Buckling

Energy l-zone Theory Leakage Corrections

(eV) IDX l-zone 2-zone 3-zone 4-zone 5-zone

9 3.87745 0.14035-6 0.12310-5 0.11673-5 0.11905-5 0.12200-5 0.12355-5

10 3.020+5 0.97700-6 0.88960~6 0.88403-6 0.91415-6 0.92036-6 0.93720-6
11 2,352+5 0.69825-6 0.60224-6 0.59393-6 0.60198-6 0.61304-6 0.62432-6
12 1.831+5 0.80702-6 0.70933-6 0.67128-6 0.67769-6 0.69116-6 0.69917-6
13 1.426+5 0.10565-5 0.97378-6 0.10085-5 0.10440-5 0.10726-5 0.,10893-5
17 3.183+4 0.47096-6 0.39464-6 0.30747-6 0.30115-6 0.28429-6 0.28260-6
20 2.479+4 0.13751-5 0.14575-5 0.15269-5 0.15539-5 0.15585-5 0.15651-5
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