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QUARTERLY FROGRESS RXPORT

January 1 - March 31, 1976

Compiled by

C. I. Baxman, G.

This progress report

M. Hale, and P. G. Young

AESTRACT

describes the activities of the
Los Alamos-Nu~lear Data Group for the period
through March 31, 1976. The topical content
in the contents.

January 1
is summarized

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A.* Evaluation of Light Element Standard Cross Sections

Because the 6Li(n,c%) 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 r.easured. To extend the useful energy range of

these standards and to improve their accuracy at lower energies, we are basing

our evaluations on.comprehensive R-matrix analyses of the7Li and
11

B systems

which extend up into the region of known resonances.

1.
6
Li(n,ct) (G. Hale and D. Dodder [T-9])

c

A new evaluation of the neutron cross sections for “I,iat low energies has

just been completed, based on an extension of the comprehensive P.-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
4
He(t,t) differential cross sec-

tionsz
4 4 3

and new measurements of the He(t,t) He analyzing power 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

integrated cross section5 were also included in the

that the calculated ‘Li(n,a) cross section is quite

section4 and of the 6Li(n,a)

analysis. Figure 2 shows

consistent with the new
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Fig. 1. R-matrix fit (solid line) to measurements of the
4He(t,t)4He ciifferenti?l cross section2 (top) and
triton analyzing power (bottom).

measurements below 600 k.eV,while sw.allhut systematic differences between

the calculated and measured total cross section are apparent. The calculated

values of the 6Li(n,u) cross section have been proposed for use as an FNDF/B-V

standard at energies below 150 lceV; they are estimated to be determined to

within + 3% even at energies over the resonance.—

2
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I
Comparison of calculated and measured values of the
6Li(n,a) cross sectior.s (top) and n_6Li total cross

Bection (bottom) between 0.01.and 1 MeV. The solid
curve is the present analysis; the dashed curve is
ENDF/B-IV.

2. 10B(n,a) (G. M. Hale and E. D. Arthur)

A new evaluation of the neutron cross sections for
J-o

B at low energies

has also been completed recently. The evaluation is based on a multichannel,
11

multilevel R-matrix analysis of reactions in the E system similar to that

which was used to provide the boron cross sections for FllDF/B-IV. New data

that were considered in the present analysis include xelative measuremerlts of

3



the ‘0B(n,ay) integrated cross sectionG and absolute measurements of the
10

B(n,ay) angular distribution.
7

The resulting fit to the
10

B(n,a) integrated Crcxs EeCtiOIIE iS seen in

Fig. 3 to be almost identical to the Version IV calculations at energies below

200 keV, while it decreases more rapidly than before at energies up to 1 lfeV.

The calculated values of the
10

?.(n,a) cross section have been proposed for use

as an lZNDF/B-V standard at energies below 150 keV.

B.
6

Evaluation of Neutron-Induced Reactions on Li and
12C

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

Because much of the 6Li evaluated data in the ENT)F/E-IV general purpose
8

file is based on a rather old United Kingdom set, we l?ave re-ev.=luated the

6
Li data incorporating nlore recent experimental results. As described earlier,

9

modifications were made to the total, elastic, (n,n’d), (n,p), arid (n,t) cress

sections, to the elastic angular distributions, and to the euer~y and angular

distributions of secoridary neutrons frori (n,r.’d)and (n,2r~)reactior(s.

The most significant revision was in the representation of secondary ncu-
6 4

trons from the Li(n,n’d) He reaction, which are gj.venas evaporation spectra

in ENDF/F+IV. Tn order to include energy-angle correlati.ms in the clatawith-

out introducing new requirements on the ~NBF/E processing cc,des,we utilized

“pseudo levels” and phase-space argume~.ts to re~resent the neutron cor,,tinucm.

from.the (n,n’d) reaction, assuming isotropic center-of-mass angular distribu-

tions. In Fig. 4, experimentally measured
10

xieutrcn spectra at 39 and 150° for

7.5-MeV incident neutrcns are compared to nonelastic n~.utron spectra from the

new analysis and from the older ENDF/B-IV temperature representation. Similarly,

Fig. 5 shows the Version IV,pseudo-level comparison for 14-McV incident neut~cns

and e = O and 180°. In each case, the EL9F/E-II? data d~ not describe. the ine-

lastic group to the 2.2-MeV state cf
6
Li at all, and predj.ct too hard a spectrum

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

energies higher than the ela”stic peaks. Similar effects appear in comparisons at

other enerqies and angles.

9Z.. 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 used to improve secondcry fieutrc~ spectra

from the
12

C(r.,n’)3a reaction. In this case, the FNDF/B-IV integrated cross

4
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section for the reaction v-as divided among the available pseudo levels assuming

pure 4-body phase-space distributions of final states and isotropic center-of-

mass angular distributions. The level excitation cross section and angular dis-
12

tribution for the real C level at EX =

Version IV.

The nonelastic energy distributions

are compared in Fig. 6 to ENDF/B-IV data

4.44 MeV were kept the same as given in

from the pseudo-level representations

for 14-}feV incident neutrons and F1= O

5
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and 180°. The peak at higher energy in the spectra corresponds to the inelastic
12

neutron group to the 4.44 MeV level in C, 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. I-?owever,emulsion

data from a 1955 measurement
11

for incident neutron energies between 12 and 20

MeV are well represented by a.4-body phase-space distribution. More recent 14-

MeV data indicate that (n,n’) reactions through the broad, unbound levels of
12C

12
are important, 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 O- 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. Youn g, 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 GNASH 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.

9



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

to malce 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 FITDF/B evaluated data files. Thus
89Y 169~

far, calculations have been carried out for (n,xn) reactions on ,
171 197

s

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

neutron spectra for 24-MeV (n,xn) reactions on . Figure 9 shows the over-

all agreement of the GNASH calculated curves with Au(n,xm) cross-section meas-
15 14

urements by Bayhurst et al. and Veeser et al.

F.. 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 14-1.5MeV

neutron bombardment have been made with the statistical-preequilibrium model code
27

GKASH . Materials under study are those of CTR interest and include Al,
46Ti 48Ti 51.V and 93~

9 > s . For these calculations, the inclusion of preequilih-

rium effects is important to correctly reproduce the shape of the experimentally

measured spectra. Here the.closed preequilibrium form of Milazzo-Colli
16

has

been used. Figure lC shows the calculated proton-production spectrum for 15-MeV
27

neutrons on Al compared with preliminary results measured by Ha3.ght et al.
17

The calculated results were obtained with global input parameters with no attempt

to adjust quantities to improve agreement with experiment.

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

In response to a request by T12-6, activation cross sections inducec? by neu-

trons on 204Pb , 206P’c, 207Pb, and
208

Pb were determined and supplied in ENDF/13

format. The reactions of interest are listed in Table I. For the most part,

the preequilibrium-statistical model code GNASH was used to calculate the de-
204 208

sired cross section-s. Fowever, for Pb and Pb(n,y) reactions below 1 MeV,
18

values were obtained from recent experimental measurements. For the calcula-

tions,neutron transmission coefficients were obtained from global optical-mcdel
19 20

parameters of Wilmore and Hodgson, the Brink-Axel giant dipole resonance form
16

was used for gaum,a-ray widths , and a closed preequilibri.um form prcvided cor-

rections for semi-direct effects. In cases where comparison could be made with

ex~erimental data, there was reasonable agreement as shown by the examples ir.

Figs. 11 and 12.

10
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TABLE I

ACT1VATIONREACTIONSIN Pb ISOTOPES

MAT

301

301

301

301

301

301

302

302

302

302

332

303

303

303

303

303

303

304

304

304

304

304

~

16

17

26

60

102

700

17

26

60

700

780

17

26

28

53

700

702

17

26

102

700

780

REACTION

204
Pb(n,2n)203pb

204
Pb(n,3n)2021$b

204Pb(n,2n)2031$b

204Fb(n,n’)204N$b

204Pb(n,y)
205pb

204Pb(n,p)204T1

206Pb(n,3n)204kfPb

206Pb(n,2n)2051~b

206
Pb(n,n’)206MPb

206Pb(n,p)206T1

206 203
Pb(n,(z) Hg

207Pb(n,3n)2053b

207Pb(n,2n)206~b

207Pb(n,np)206T1

207Pb(n,n’)207%b

207
Pb(n,p)207T1

207Pb(n,p)207MT1

208
Pb(n,3n)206F$b

208
Pb(n,2n)207F$b

208
Pb(n,y)209Pb

208
Pb(n,p)208T1

208 205Pb(n,a) Hg

Ex

m

0.0

2.17

0.85

2.19

0.0

0.0

2.19

1.01

2.20

0.0

0.0

1.01

2.20

0.0

1.63

0.0

1.34

2.20

1.63

0.0

0.0

0.0

T
1/2

52.1 h

3.62 h

6.1 S

66.9 m

3.0X107y

3.81 y

66.9 m

4.0 ms

.

4.19 m

46.9 d

4.0 ms

130.0 ps

4.19 m

0.80 S

4.79 m

1.3 s

130.0 Us

0.8 S

3.3 h

3.1 m

5.5 m

O’&)

- 8.401

-17.36

- 9.253

- 2.186

6.735

.0195

-17.08

- 9.095

- 2.200

- 0.751

7.136

-15.84

- 8.941

- 7.49

- 1.633

- 0.650

- 1.991

-16.31

- 9.00

3.938

- 4.211

6.186

THRESHOLD
(MeV)

8.443

17.446

9.299

2.197

.-

..-—

17.164

9.140

2,211

0.755

--

15.92

8.985

7.527

1,641

0.653

2.001

16.39

9,045

-.

4.230

--

15
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G. Time-Dependent Radiation from Mixtures of Plutonium Isotopes (D. G. FOS-

~er, Jr. and T. R. England)

The applied use of plutonium from reactors, particularly if the plutonium

is recycled, leads to a 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 from spontaneous fission, one

must recognize the fact that the emitting nucleus is at a much lower excita-

tion ener~ than is the case for neutron-induced fission, so that the nuclear

temperature and ~ are substantially lower than the values familiar from the

induced-fission measurements.

We have performed CINDER calculations of the change in these spectra from

the time of separation to 100 years later, using two reference mixtures of

isotopes
21

representative of the first plutonium-enriched cycle in a pressur-

ized w-ater reactor and cf the equilibrium after many cycles. These composi-

tions are given in Table II.

Im~ediately after separation, most of the photon radiation. comes from the

decay of
238

Fu, even in the first-cycle mixture. The time dependence there-
241

after is dauinated by the clecayof Pu, which decays almost entirely by beta
241&

emission to the ground state of ~. The irm.ediate photcns result from a

2.45 X 10-5
237

alpha branch. Within a few weeks, the U daughter from the al-

pha decay comes into secular equilibrium and triples the photon multiplicity

per parerit alpha decay. The dominant beta-decay branch produces no photons

immediately, and does not become important until enough 433-year
241

Am has
241

grown in for j.tsdecay rate to become appreciable. The Am emission dom-

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

does not exceed the emission following
238

Pu decay until the 20th year in
241&- for the two

the equilibrium mixture. Figure 13 illustrates the effect of
241 237

cases. ‘l!heyield from Pu itself and from its U daugliter are bcth too

small to show in Fig. 13, however.

Figure 14 illustrates the changes in the photon spectrum which accompany

these changes in intensity. The hardening of the spectrum is a.direct result
241b

of the higher average energy of photons emitted by .

The spectrum of spontaneous-fission neutrons is almost independent of

time after separation, since the nuclear temperatures change rather slcwly
238 2=40

with mass number , and the spectrum is dominated by isotopes ( Fu and Pu)

which differ by cnly two in mass number.
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TABLE II

ISOTOPIC COMPOSITIONS

>-
C9
1-.:
I l.]

2.-’
LLJ

Fig. 13.

1

<

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

nl t I I

10-’‘

16’2

16”

16’4

----------------------------- -------- :
---

PHOTON INTENSITY --------
FROM pu FUEL
— FIRST CYCLE -1
-----EWILIGRIUM 3

------------------------------------ ------- I

240Pu (0.17)
i

-1

~--------------- -—------ ---------- ---------
1 , , , 1 , , t , I

50 100

TIME (yr)

!bsolute photon-emission rates and average
>hoton energies for two different mixtures of
>lutonium isotopes, calculated from O to 100
years after separation. The fraction of each
tsotope in the initial mixture is given in pa-
rentheses after the isoto ic symbol.

241PU ,

its 237u daughter, and 243Pu have yields too

~mall to show in this figure.



Photon Energy– Emission Spectrum of Pu Fuel

Id ---------

0.0 yr

—First cycle

---– Equilibrium

o
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Fig. 14. 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 2L{1Am.
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Table III gives the relevant parameters for each isotope, and Fig. 15 illus-

trates the tirlevariation of the total emission. The total neutron yield of the

equilibrium mixture at separation time is almost double that of the first-cycle
238

mixture because of the r,uch greater Fu content, but it decays faster with
~3g

time because of the short half-life of Pu.

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

-1
1. The LASL evaluation for hydrcgen scattering and for the— ‘He(n,p) cross

sections were adcpted 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.
6

The LASL R-matrix predictions described above for the Li(n,ct) and the
10 —

B(n,ao) and (n,aly) cross sections were presented and proposed as Version V

standards for energies below 150 keV. Error estimates on the 6Li data range

from 0.6% at thermal rising to 3% for energies covering the 240-keV reso-

nance.

3. Oak Ridge National Laboratory (ORNL) made presentations on carbcn—

scattering which indicate the need for changes in the angular distributions up

to 2 MeV. These were recommended by the Task Force for Version V.

4. Brookhaven National Laboratory (Bh??)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) Stancl-

ards Subcommittee meeting at BNL in May.

5. Above 200 keV, much work was undertaken by the group on
235

— U fis-

sion, such as renormalization of earlier data and choosing a normalization

for relative measurements, and a preliminary point-wise cross-section eval-

uation was completed. (LASL has been asked to collaborate with 5NL on the

point-wise data.) Guidelines were written for an evaluation below 200 keV

with ENL, ORNL, Aerojet

These results are to be

apparent, however, that

the energy range from a

6. The evaluation—

Nuclear Corporation (ANG), and Ilettis cooperating.

presented for review at BNL in F!ay. It is already
235

U fission will decrease significantly over much of

few keV to 20 l!eV.
6

of the thermal constants, except for the Li(n,a) re-

action, has not been completed, and therefore could not be reviewed at this

time. This work should be completed by the May CSEWG Meeting and presented at

21



TABLE III

SPONTANEOUS FISSION PARAMETERS

Average
Energy Branching Half-Life

Isotope Nu-Bar MeV Fraction Years

238PU
1.920 1.819 1.7 x 10-9 87.74

239PU
2.050 1.854 4.5 x 10-12 24370

240PU
2.154 1.882 4.9 x 10-8 6536

242PU
2.440 1.956 5.5 x 10-12 386700

241h
2.310 1.923 3.8 X 10-12 433

~ 1.9 F,!s:c/cl: I

z —— .— - .— —— .—— —— ——— ———
. Equhbrium

Iwc 1.8 I Averoge neutron energy

[~-18
I

Spontaneous -Fission Neutron Intensities from Pu Fuel

— First cycle

-g
-.
0

——— Equilibrium

10-19 _ “T;tti<–——————–—– —— — — ___
—.

——__ 240pu <————————— = —’———=~—_—— ———

— 2zp; — ;

238PU
,()-20 _

,(3-21 ~~

50 100

Fig. 15. Absolute emission rate of spontaneous–fission neutrons
and the average neutron energies for two different mix-
tures of plutonium isotopes, calculated from O to 100
years after separation.
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that time. A preliminary

Force, however, by Norman

235
value for U fission was made availahl.e to the Task

Holden (13NL).

I. “Big Three Plus Two” Task Force Meeting at Erookhaven National Labor-
atory, March 24-25 (R. J. LaBauve and L. Stewart)

The need for changes in the evaluated data for
235U 238U 239PU 240PU

$ Y 9 9
ad 241

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, ~,

fission spectrum representation, delayed neutron yields and spectra, in addition

to modification of the cross sections themselves. Ffost 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 fcrmat 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 Eh%, LASL also pro-

posed new Phase I review procedures and kelped 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. 1?.MacFarlane)

The final draft of the MIh~ report has been completed except for sections

describing IBM conversion and validation of the IBN version against the CDC ver-

sion. The final CDC version of the code has been sent to ORNL for conversion

and testing. When the results of this process are received from ORhZ, the MINX

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

Argonne Code Center.

B. LIB-IV (R. B. Kidman and R. 1?.MacFarlane)

Work has been completed on the neutron cross-section portion of LIB-IV, a

50-group, 101-isotope library based on the latest version of EN’DF/B-IV. Amag-

netic tape package containing LIB-IV and the three utilty codes CINX, LINX, and

131NX (for manipulating LIB-IV or any CCCC-111 data) was sent to BNL for distribu-

tion to the nuclear community. Several laboratories have .=lready obtained the

package (Westinghouse Advanced Reactor Division [WARD], ORNL, Gene~al 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 inc?i-
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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 3s encouraging and, since MINX is very similar to

ETOX, one can easily extrapolate from past comparisons and validations of ETOX

and the shielding factor method (SFN), and state that LIE-IV offers a simple,

reliable, accurate, fast, and directly interpretable scheme for processing nu-

clear data for reactor calculations.
22

A document describing LIE-IV has also been completed this quarter. Efforts

can now focus on the second phase of LIB-IV; that is, adding a library of gamma

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

effects.

co 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/E-IV. These multigroup constants are being stored in the

CCCC-111 format for use by the nuclear cmuxunity.

Table V shows the 240-group structure of LIE-IV-240. F?any 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 LIE-IV-240, their data sources, pho-

tostore name, MINX running times, and their sigo sets. All of the materials in

Table VI were run for ~ temperatureS--300, 900,”and 2100 K. A1l of the materials
238

except U were run with the following MINX tolere.nces: resonance recorlstruc-

tion 0.005, linearization 0.002, Doppler thinning 0.002, and adaptive integra-
238U

tion 0.001. A resonance reconstruction tolerance of 0.01 was used for .

The basic, resonance-smoothed hr(?i~k:tir’g function used in MINX was a thermal

spectrum (with a Maxwellian temperature of 0.025 eV) up to 0.1 eV, a l/E spec-

trum up to 0.8208 NeV, and a fission spectrum (with a nuclear temperature of 1.4

Ne.V) above 0.9202 l!eV. If the ENDF/E-IV data permitted, Po, PI, P2, and P3

scattering matrices were generated.

Under each material photostore name, there actually exist two files, an

ISOTXS and a BRKOYA CCCC-111 file for that material. They can be accessed with

a cROS control card such ss $P1?oTOR(FS=L16L,LOCAL=DUM,0AC=T02RBK,VERS=1) which
6

puts the !xo Li files out on the unit named DL~.
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TABLE V

LI13-Iv-?40 GROUP STR~JCTURE

1—

1
2
3
4
5
6
7
8
9

1;
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

::
37
3R
39
40
41
4?
43
44
45
46
47
48
49
5(3

lop
ENERGY

(Fv)

I,9970E+7
1.964nE+7
1.91%5E*7
1.86R?E+7
1.82?IE*7
1.7771E+7
1.73T13E+7
106905E+7
1.64R7F+7
1.60RoE+7
1.56R3E+7
].5296E+7
1.491RE*7
1.455nF+7
1.4191E+7
1.394nE*7
1.34QQE*”I
1.3165E+7
1.2860E+7
1.2523E+7
1*2214E+?
le1912E+7
1.161RE+7
1.1331E*7
1.105?E+7
1.O.779E*7
1.0513E+7
1.0253E+7
l*ooorlE+7
9.7531E+6
6.51?3E+6
9.2774E+6
9.04R4E+6
8.8250F46
8.6071F*6
t3.3946E*6
801873E+6
7.9R5?E+6
7.78RoF+6
7.5957E+6
7.40R?F+6
i’.22ci3E+6
7.046QE+6
6.87?c?E+6
6.703?E+6
6.6476E+6
6.592hE+6
6.5377F’*6
6.3763E+6
6.21nqc+(i

LETHARGY
WI(ITH

.0167

.0250

.0250

.0250

.0250

.0250

.02%0

.0250

.0250

.0250

.0250

.0250

.(-)250

.0250

.0250

.0250

.0?50

.0250

.0250

.0250

.0250

.0250

.0250

.0250

.0250

.0?50

.0250

.0250
●0250
●0250
.0250
.0250
.0250
.02’50
.0250
.0250
.0250
.0250
.0250
.0250
.0250
.0250
.0250
.0250
●00R3
.0094
.onR3
.0250
.0250
.0250

I

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
R2
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

T(3P
ENERGY

(Ev)

6.06s3E+6
5.91S6E*6
5.7695C*6
5.413RIE*6
5.22n5E+6
4.965QE+6
4.8432E*6
4*7i?37E+6
4.6070E*6
4.4933E+6
4.2741E+6
4.0657E+6
3.8674E+6
3.67@RE*6
3.4994E+6
3.3287E+6
3.2465E+6
3.1664E+6
3.013R?E+6
3.o11oE+6
2.865cIE+6
2.7253E+6
2.5924E+6
2.466nE+6
2.4251E+6
2.3?152E+6
2.3653E+6
2.3457E+6
2.3069E+(5
2.26uQE+6
2.2313E*6
2.1225E+6
2ool~nE+6
1.9691E*6
109?OyE+6
1.8731E+6
1.8i?6RE+6
1.7377E.*6
1.6530E*6
1.61??E*6
).5724E+6
1.5335E+6
1.49S7E*6
1.4227E+6
1.3534E+6
1.i?873E+6
1.224SE+6
1.19L3E+6
1.1648~+b
1.108oE+6

LETHARGY
WIDTH

.0250

.0250

.0500

.0500
●0500
.0250
.0250
.0250
.02s0
.0500
.0500
.0500
.0500
.0500
.0500
.0250
.0250
.0250
.0250
,1)~~()
.050iJ
.0500
.0500
.0167
.0166
.0084
.0083
.0167
.0166
.o!67
.0500
.0500
.0250
.0250
.0250
.0250
.0500
.0500
.0250
.0250
.0250
●0250
.0500
.0500
.0500
.0500
.0250
.0250
●0500
.0500
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TABLE V (CONT.)

LIf3-Iv-740 GROIJP STR!ICTIJRE

I—

101
10?
103
104
105
106
107
10$3
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
] 24
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
14?
143
144
145
146
147
148
149
150

Top
ENERGY

(Ev)

] .0540E*6
1.00?6E+6
9.7783E+5
9.6164E+5
9.53(,9E+5
9.07]RE+5
8.6294E+5
8.20R5E+5
“1.80n?F*5
~.4?74E+s
7.0551E+5
3.7206E+5
6.3928E+5
6.0610E+5
5.784;F:+5
5.5023E+5
5.3665E+5
5.2340E+5
5elo47F+5
4.?7n7E65
4.7359E+5
4e504QE+5
4.285?E+5
4.076?E+5
3.877LE+5
3.68R3E+5
3.5084E+5
3.3373F45
3.1746E+5
3.0962E+5
3.01Q7E+5
2.9452E*5
2.8725E+5
2.8015Eb5
2.7324E+5
2.5991E+5
2.4724E+5
2.351RF+5
2.2371E+5
2.1280E+5
2.024?E+5
1.9255E+5
1.8316E+5
1.742?E+5
1.699?F*5
l.6573E+5
1.6163E+5
1.5764E+5
1.499f)F+5
1.4264F*5

ETHARGY
WIf)TH

●0500
.0250
●0167
●OOR3
.05(’)0
.0500
.0500
.0500
.0500
.0500
.0500
.0500
.0500
●0500
●n5no
.02F0
.0250
.0250
.0?50
.0509
.0500
●0500
.0500
.0500
●0500
.0500
●0500
●0500
.0250
.0250
.0250
.0250
.0250
.0.2s0
.0500
.0500
.0500
.0500
.0500
.0500
.Ost)o
.0500
.0500
.0250
“0250
.0250
.0250
.0500
.0500
.0500

I

151
15.2
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
197
188
189
190
191
192
193
~94
195
196
197
198
199
200

TOP
ENERGY

(Ev)

1.3569E*5
1.2~07E+5
1.2.?77E+5
1.1679E+5
1.110qE+5
9.0037E*4
8.65]7E+4
7.6351E+4
6.737QE+4
6.2511E+4
5.9462E+4
5.658?E+4
S.2475E+4
4.630qE+f+
4.086RE+4
3.6066E+4
3.5175E+4
3.4307E+t4
3.1R?RE+4
2.802RE+4
2.605RE+4
2.47R8E+4
?.4176E+4
2.357QE+4
2.1R75E+4
2.1335E*4
1.9305E+4
1.703(=Yf+4
1.5034E+4
1.326RE+4
1.1709E+4
1.066fiE+4
9.llR3E+3
8.0473E+3
7.IO17E+3
6.?673E+3
5.530RE+3
5.0045E+3
4.52133E+3
4.3074E+3
4.0973E*3
3.7074E+3
3.3546E+3
3.0354E+3
2.8635E+3
2.7465E+3
2.6126E+3
2.4135?E+3
2.24R7E+3
2.0347E+3

LETHARGY
WIDTH

.0500

.0500

.0500

.0500

.1?s0
● 1250
.12s0
● 1250
.0750
.0500
.0560
.0750
.1250
.1250
.1250
.0250
.0250
.0750
.1250
.0750
.0500
.0250
.0250
.0750
.0250
.1000
.1250
.1250
.1250
. 12!50
●1250
.1250
.1250
.1250
.1250
.1250
.1000
.1000
.0500
.0500
.1000
.1000
.1000
.0583
.0417
.0500
.0500
●1000
.1000
●1000
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[.lR-IV-?40 GROUP STRUCTURE

I

20]
202
203
204
205
2(!6
207
208
209
21(3
21]
21?
213
214
215
216
217
218
219
220

TOP
ENF.RGY

(Ev)

1.8f+llE*3
1.6b5~E+3
1.58[+6F+3
1.5073E+3
J.363QE+3
1.23/JlE+3
9.611?E+2
7.485?E+2
5.8295F+2
4.5400E+2
3.535RE+2
2.7536E+2
2.144sE+2
1.670?E+2
1.3007E+2
1.olME*2
7.88~3E+l
6o144?E+~
4.71351F+l
3.7267E01

TOP

LETH6RGY ENFRGY LETHARGY

wIOTH I (Ev) \iIDTH

.lono

.05(30

.0500

.1000

.1000

.2500

.2500

.25oO

.2500

.2500

.2500

.2500

.2500

..2500

.?500

.?500

.2500

.25flo

.?500

.2500

2?1
222
223
2?4
225
2?6
227
228
229
230
231
232
233
234
235
236
237
238
239
240

2.9073E+1
2.2f.f33E+l
1.7603E+1
1.371OE+1
1.0677E+1
8.3153E*0
6.476(3E+0
5.043SE*0
3.927c)E+0
3.05Qf)~*0
2.38?4E+(I
1.85:;4E*(3
1.4450E+0
1.1?54E*0
8.764?F-1
8.3368E-1
6.8z56E-1
6.25134C-1
5.3158C-1
4.13c)9E-I —
l*ooonL-5

TMWF VI

LIR-IV-?~,() Mf!TERlhLS GEKJERAT<13 i!lTH M]!.Jx FQOM FrJnr/F?-Iv

PEtJl)F

ff.JOF/n NAME

! P-] 1?f.q HIP

?
1

~-.? ll?fl H7D
3

1
h-~ ]]6q tilP 1

4 HE-7 11(,~ tiF3P 1
5 H~-A 1?70 HF.(+? 1
6 LI-fi 1?7; LISP 1
7 LI-7 177? LT?p 1
a -IE-9 ]?nq .9FQP 3
~ H-III 1?73 31(3P 3
10 H-]) 1]60 511P 5

c-]?
i:

1774 C]?P 4
N-)4 1775 N]LP 1

13 O-l(j 17-!6,” (3](,P 1
14 klA-.?3 l]5Jj V423P 2
15 AL-?7 ]1G3 ~.1.?7P 2
16 FF 11Q2 FFP
1?

3
11-?75 1?61 (J27<P 2

Iq 11-278 1?6? u?3i3P13
19 P1l-%3’q 12/.4 ptJ?3qD 2

G THE S160 SETS APE (IPI 8AR~Js) :

PFNOF
TI}!l~/Ci

(St-c)

133
95

165
102
1]8
157
159
516
428
182
156
593
590
667
631

]07s
283?
6454
3s9s
18558

.2500

.2500

.2500
,25oO
.2s00
.2500
.2500
.2500
.2500
.2500
.25oO
.25oO
.25(30
.25Q0
.0500
.2000
.0880
●1620
.2500

10.63~S

ISOTXS
A!JII

RPKOKS
N/iQF

VFR N:

t{)L 1
H?L 1
H3L 1
HF3L
HE4L ;
LI~L ,

L!7L I
9E9L I
B1OL 1
R1lL I
C12L
t.J1f+l_;
016L 1
“JA’?3L 1
.II-Z7L 1
FFL 1
l_l~35~ 1
U?38f_ I
pU239L I

ISOTXS
AIJD

13ROKXS
FkON

PE140F
(SLC)

612
395
767
279
451
667
733

~~~3

1095
466

42(-)

1257

]096
981

1155
] 76?
3212
41S2
3336

27199

Sl(-in
SET*

A
4

A

R

R
A

.%
A

c
n
F
A

F
F
n
F
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As the need arises, more materia].s will be added to J.113-IV-240in order to

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

D. CINX, LINX, BINX (R. B. Kidman and R. 1?.MacFarlane)

The following utility codes for manipulating CCCC-111 ISGTXS, BRKOXS, and

DLAYXS files have been completed and documented this quarter. C1NX23 will ex-

actly collapse fine-group data to subset coarse-group structure, and also change
24

the format of the data to lDX cr PERT-V form, if desired. LINX will combine

two multi-isotope CCCC-111 files into a new composite CCCC-C file. BTNX24 will

convert CCCC-111 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. ETOXVS 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-section

comparison, and by comparing effective cross sections and integral results m the

Processing Code Comparison Subcommittee’s infinite homogeneous i!PR-6-7 specifica--

tion. Several discrepancies have been discovered that lead to cross-secticn c?if-

ferences but which seem to have nearly an insignificant effect on keff

1.
.

E’1’OXdoes not correctly combine f-factor contributions in an overlap—

group that contains a boundary between a smooth, resolved, or unresolved re-

gion.

2. ETOX is not totally correct in its method of handling discrete in-—

elastic scattering.

9a. 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.

T The MINX and ?2T@X fission spectrum weighting functions do not cut—

off at the same energy.

on a

6. MIhW does—

7 ETOX does&

Most of these

“clean” basis

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

not reaction rate weight V, p, or ~.

discrepancies will be removed so the coniparison can continue

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 for 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 “nILstring”

or “~string~.” All numbers are read as floating point (integers may be fixed

by the calling routine later) and can be delimited wtith 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., .CIO1or 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 philosophy followed in the NJ@Y development program. For example, j.n

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. L’ISSinput/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 isotopic fission spectrum (CHISG), the

fission yield vector (ShWTCT),and the transport cross section has been coxn-

pleted and tested against hand calculations. Mathematical formulae for

these parameters are as follows:
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s

CHISO : Xg=+ 3
x 13

g

where S =zg ~, ‘f,g’+g+g’ ~ ‘NoW x ‘d,g ‘

and DNORM = xg ‘d,g x ~d,g x ‘f,g ‘

@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.

SNUTOT: Vg=

[
z ‘f,g+g’ + ‘daf,g

1/
‘f,g

g’

TRANSPORT XS:
!Z”tr,g= 2°t,g - x Iax,g+g’ ‘

g’,x

where L refers to the Legendre order and X refers to the reaction type. The

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

tions.

The BRKOXS section is now correctly calculating the transport self-

shielding factor, as verified by hand calculations.

The ISON’GX 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

cussed in Sec. H.

The CCCCR module will now

ISONGX, and ISOGXS files using

purpose for including this information is dis-

produce multi-isotopic

output from the GROUPR

ISOTXS, BRKOXS, DLAYXS,

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, 101-isotope library of

multigroup neutron constants (LIB-IV) (see Sec. B). As a supplement to this

library, a library of NW and y+y cross sections using the same 50-group neu-



tron structure and the Straker
25

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 GROLTR module

of NJOY, and output in the experimental ISONGX format by the CCCCR,module of

NJOY . The ISONGX file differs from the n+y section of ISOGXS in two very im-

portant ways. I= 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 neutron

cross sections (not the f-factors) available to it. During this past quarter,

the capability of producing a multi-isotope ISONCX file ir.KJOY 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 he processed into r.ultigroup form using the new

&lMINR module of NJOY (see Sec. I). TF.eY+y 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 phcton-principal cross sections

and the y-~ total cross–section matrix (co n+y or y+n data) was produced (see

Sec. G for additional details). This program has been tested using output from
26

the GAMLEG photon processing code.

The BINX code
24

was developed to perform BC12+ BINARY and 131NARY+ BCD con-

versions cm the ISOTXS, BRKOXS, and DLAYXS standard interface file. I’crthe

purpose of exporting the photon library, FIINXhas been updated to convert ISONGX

and ISOGXS files as well.

If the photon library is to be of any use in reactor design problems, the

coding riecessary to interface the n+y and y+y data with design codes such as lDX.

and SPHINX must be developed. The cross sections Fill have to be self-shielded,

zone-averaged, and collapsed into rtiorecompact group structures. Several ques-

tions are being studied as to how this can best be accomplished. For instance,

it is not yet clear w;hether a separate code should be developed which takes

self-shielding factors, zone 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 manipul-

ations. This gamma code must produce both coupled sets of neutron and gamma

cross sections and separate files for each. The lDX 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. 130icourt, and
D. W. Muir)

Photon absorption and scattering cross sections are important for both

26
shielding and heating calculations. At LASL, various versions cf GAMLEG have

been used to generate these cross sections. However, recent improvements in
27

the ENDF/B photon interaction files 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

PEh?DF tape previously prepared using PXCONR. The weight function can be con-

stant or read-in as any function representable as an ENDF/B TAB1 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 F~g,(E), the Ith component of the probability

of scattering into group g’ from initial energy I?. For coherent scattering

-1

J
-1(l+P2) iF(x)12PE(p)dp

coh
‘Eg ‘

(E) =

J

1
9

_1(lti2)lF(x)12dp

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

l?NDF/B tape vs x = 20.60744(2E/EO) ~- where EO 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.

feed functions become

. ~ , dE’S(x)on,(E+E’)P2(v)
F~~(E) = g

I
dE’ (x)~(E+E’ )

27. For incoherent scattering, the

9

where

‘o ‘o
v =1+—-—9

x= d20.60744(2E/Eo) (1-lJ/2 x d
I + (E2/E~ + 2E/Eo)(l-v)/2/(l+E[l-v]/~0),

and

.

Once agair,, 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. Eeating KERKA

factors (Kinetic @ergy ~elease in F&terial) 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

J dE’E’S(x)OKN(E+E’)

F:::,(E) = E -

9

J dE’S(x)O&E+E’ )

34



for pair production,

F:;:; (E) = E -2

and for photoelectric

E
heat

(E)=E .

x 0.5110034 x 106 ,

“capture,’!

The heating contributions are totaled as they

The cross sections, matrix elements, and

cnto an ENDF-like output tape. This tape can

are computed.

total heating values are written

be saved or used as input to a

formatting module. Coding has been added to the CCCCR module to write out pho-
28

ton-interaction constants as an ISOGXS file. Gamma production and neutron

production sections of the file are flagged off. The principle cross sections

include the P. weighted total and the Py transport cross sections, but the
.

“source from total decay” is set to zeros. The “total absorption” cross section

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
22

supplement to LIB-IV.

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
29

methods used are extensions of those developed for the HEXSCAT code.

The coherent part of the elastic scattering from a polycrystalline material
30

is given by

‘M
nh2 f12T2-2wD lF~2 ~(1 ___

a~;h (E’~,Po)
x

N(T)——
= ‘cob 4MEVn

e
‘r 4ME

Po) 8(E-E’) (1)

Where M is

the number

u T*(I

the mass of the scatterer, Vo is the volume of the unit cell, N(T) is

of reciprocal lattice vectors of length T, WDis the Debye-Wailer
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factor and lF12/N is the form factor per atom of the unit cell. All vectors are

summed with lengths less than TM = = 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 -Tthat the sum can be converted to an

integral. This is a limited application of the “incoherent approximation.” The

scattering kernel becomes

-r+ ()

f12’r2
xf3(l——

4ME
Po)~(-)

~2

J

‘M

+o— dTTe-2wI) &(l-~$#- PO) ~(E-E’) , (2)
cOh 8TTME

‘o

where To== and E()‘s an arbitrary break point. Finally, the Legendre

components of the coherent elastic scattering cross section become

*

for energies greater than Eo. Only

(3)-W?l(l-vo) pk(po) ‘
dpe

the first term is required for lower ener-

gies. The incoherent elastic scattering is given by

1

CJ~~cR(E) =~oinc
J

dpe-w’’(l-p )
o PI(PO) .

9
-1

(4)
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The summation in Eq. (3) is performed using the methods of HEXSCA,T. 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 linear interpolation to some desired tolerance. The re-

sulting grid is very economical.

K. Continuous-Ener gy Monte Carlo Cross Sections (R. E. MacFarlane)

The MCNR module of I?JOYproduces 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,
32

the LASL continuous-energy Monte Carlo code KCN

uses a different format especially constructed for fast data retrieval. A new

formatting code, KcNJOY, 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 rer.oved 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 li-

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

e much smaller, i.e., “thinned,” data library.

In matching the thinned set to the original, we have required that the
34

probability table 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. In 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
35

the resolved and unresolved resonance ranges, 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.
36

PROTHR has been used to prepare data libraries for calculation of low-energy
238

resonance capture in
32

U, using the Los Alamos Monte Carlo code MCN. As a
238

reference set, we have prepared a tabular cross-section file for U, 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 D20 (3-cm thickness)
238

and metallic. U (0.5-cm thickness). An isotropic source of l-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 -1-0.005 (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. Leskage Corrections to Self-Shielded Cross Sections (R. B. Kidman, 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 neutrcn transport in iron and for critical assembly

ZPR-111-54.
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TM3LE VII

MULTIGROUP CAPTURE CROSS SECTIONS FOR 238U
(barns)

Dilution Factor

Energy Range
(barns/absorber atom)

(eV) Infinite 100 10

1235-454 2.74
(2.69)*

454-167 6.71
(7.52)

167-61.4 28.0
(24,7)

61.4-22.6 42.1
(43.4)

1.36
(1.30)

1.79
(1.70)

3.23

(3.13)

2.83

(2.72)

0,73
(0,67)

0.84
(0.76)

1.40
(1.37)

1.44
(1.41)

*
Results calculated from the reference (un-
thinned) data set given in parentheses.
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In the shielding factor method,
37,38

composition dependence for material m

g defined asand group g, is introduced through the single variable Oom

CF m=+ ~+mNm,cfn,

m

where o is the total microscopic
t

(5)

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

1st Method

39
into lDX:

2nd Method

CJ:meff = # + Lg/(@zI!m) ,om z

(6)

(7)

(8)

g
where L is the group g neutron leakage rate from the geometrical zone z con-

Z
taining material M, 1: is the zone average flux for group g, Vz is the zone

volume, and I?~ is the zone diffusion coefficient for group g. The first two

niethods are simply convertir.g zone leakage rates into effective cross sections

that can be added to CO. The third method is a change based on buckling the-
40

Ory.

These leakage effects have been most visible for nearly pure materj.als 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 (RYI) iron
42

transport experiment. The spherical model consists of a black absorber out

40



to 3.96 cm, a shell source out to 3.97 cm, a void 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 u
o“

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 lDX results, all three methods ex-

hibit space-dependent cross sections. The largest changes occur in the first

and fifth iron zones where the leakage is greatest. With respect to the un-

modified lDX 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

global 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

incorporated into such

on ZPR-111-54 in order

that significant space-dependent leakage effects can be

SIT!codes as lDX or SPHINX.
43

We now try such methods

to establish such effects on more standard problems and

to determine the best correction to make.

ZPR-111-54 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 struccure, LIB-IV.) The encouraging points

are that it appears one does not have to artificially put in extra zones to get

the leakage correction 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 1.5% increase in I:eff.



GROUP

24

25

26

27

28

29

38

TABLE VIII

LEAKAGE CORRECTION EFFECTS ON FE ELASTIC CROSS SECTION (BARNS)
(5-ZONE RPI FE PROBLEM)

CORRECTION
METHOO

1ST hETHOD
2ND METHOD
3RD MEIHOn

lDX

1ST METHOD
2ND FIE;HOD
3RL) METVLIfl

lDX

1ST PIETHO~
2ND NETHl)@
3RD METHOD

lox

1ST METHOD
2ND METHOD
3RLI METHOD

lox

iST METHoD
2ND METt~OD
3RD METHOO

!DX

1ST METHOD
2ND METHOD
3RD METHOD

lI)X

1ST METHOD
2ND METHOD
3RD METHOD

lr)x

1ST ZONE
(7,6 TO

16,8 CM)

1,81R3
1,5556
1,9447
1,5556

!,8956
!,7235
2,@259
1,7235

?,41@7
2,3768
2,45”24
2,3768

2,74kti
2,5442
2,Q018
2,5441?

3,6787
3,3138
4,@51Q
3,3138

1,8827
1,6951
2~0176
1,6951

2,1853
1,9077
2,44R6
l,9ti77

2ND ZONE
(16,8 TO
25,cJ CM)

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

1,8332
1,7235
1,9699
1,7235

2,3936
2,3766
2,4255
2,3768

2,6488
2,S442
2,8?13U
2,5442

3,5403
3,3138
3,8960
3,3!38

1,8352
1,6Q51
1,9688
1,6951

2,]U69
1,9077
2.3992
l,9@77

3RD ZONE
(25,9 70
35,1 CM)

1,6488
1,5556
1,7522
1,5556

1,8104
1,723S
1,Q178
1,7235

2.3886
2,39!3
2,4034
2,3768

2,5822
2,5789
2,6717
2,5442

3,4629
3,3138
3,67?7
3,3138

1,7990
1,6951
1,9114
1,6951

2,0982
1,9077
2,3265
l,9F177

4TH ZONE
(35,1 TO
4492 CM)

l,6i36n
1,6!399
1.6956
1,5556

1,7964
1,7235
1,8737
1,7235

2“3879
2,3R55
2,4134
2,3768

2,6142
2,625!
2,7408
2,5u42

3,3139
3,4U59
3,4945
3,3J38

1,7684
1,6951
1,8439
!,6951

2,@694
l,9k377
2,2541
I,9U17

5TH ZONE
[44,2 TO
53,4 CM)

2,0234
2,F124b
2,8932
1 ,5s5b

2,~8119
2,0881
2,073Q
1,723s

2,a5~z
2,4499
2,U86kj
2,3766

2,9117
2,9093
3.0337
2,5442

4,12fi.2
U,1292
u,U561
3,3138

2,t37L39
2.e748
2,154~
!,6951

i?,59R8
2,5967
2,7859
1,9077
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GROUP

:
3
4
5
6
7
8

1;
!1
12
13
14
15
16

::
19
20
24
22
?3
24
25
26
27
26
29
30
31
32
33
34
35
36
3?
38
39
40
41
42
43
44
45
46
47
48
49
5kJ

TABLE IX

LEAKAGE Correction EFFECTS ON SURFACE FLUX CN/CM2/sEc)
(5-ZONE RPI FE PROt3LEMl

TOP
ENERGY

(Ev)

l,unuoE+?
8,824Qk+6
7,78/\7E+6
6,!373flE+6
5,3SCCJL+6
4,7?3PE+6
4,16i$bL+b
3,b787k+b
3,2ti6PL+6
2,8653E+6
2.2310L+6
1,969VE+6
1,7789L+6
i.533PE+6
1.3533E+6
i.lq4C+k+6
i,d54G!E+6
8,208C3k+5
7,243G1C+5
6,395$lE+5
5,t31!2fiL+5
4,947flE+!j
4,391JclE+5
3.877nE+S
3,@2nFIE+5
2,6650E+5
2,352fIE+5
2.k175nt+5
1,831OL+5
i.616flk+5
l,i?5Yt7E+5
l,llt@Et5
9m8PSqE+4
8,651GiE+4
7,635rlL+4
6,736tiL+4
~,9U6F)E+4
4,63\tak+4
4,t4R5nE+4
3nbtibti~+4
3,j83GlE+4
2,8(99Pk+4
2,U79(fiC+4
\,9a3fJfi+4
1,7W’30E+4
l,5V30k+4
l,3t?70k+4
l,17trlE+4
l,U3{flk+4
1.k4tlu(7tL+3

ORIGTNAL
lDX

g2.2393E-lti
,66841E-10
,37875F-$4V
,61d35E-P9
,367iJ5E-FIY
,55513E-V9
,57119E-69
,11223E-(46
s13182E-n8
.91345F-G18
.437v17E-fi8
,lf3912E-$IT
.26t)37E-a7
,25268E-137
, j6949E-06
,33832E-fi6
*17124E-P5
,27.284E-@7
~42br1E-a5
,7862bE-F15
,QC4928E-G15

,37334E-G15
,1784c?E-n5
~2?2uYF-f14
,9f16q8E-n5
,377F2E-B5
*49739E-f15
,3fJ33klE-ci5
.9fl153E-FJ5
,13781E-oU
,27398E-i35
.137?UE-25
,72888F-06
.3B44f4k:-f15
,15Y?UE-C35
,l!3714E-n3
,ju179E-ti5
,441Qti~-$16
,2?~b?5E-Mb
~18617E-z16
~45179E-v7
~22695E-@5
?725RCIE-05
,73364E-06
,47256E-06
,2c3881JE-06
*21274E-06
,13533E-n6
,21553E-@5

3RD
METHOD

,22384E-lm
,66773L-l@
,37R6i?L-ti9
,6U988L-”U9
,36645E-ti9

~ S5125E-L{9
,5b631L-k19
,ll@78L-ti8
, li?993k-ti8
,n511?8L-u8
,4j721L-Ui3
*15q34k-u7
,21975L-U7
,.2Q510E-u7
,Q8322kw[47
,?I?567L-ti!6
,152b3k-U5
,2507k3E-ti7
,20643E-W’5
,h7541L-35
,31525L-u5
,29377E--V5

139)7E-k15
:16874E=U4
,8418~E-ti5
*f15799L-u5
,u@737L-k\s
,281383F-L35
,74637E-U5
,1215qk-M4
,42.?19L-05
,?25?8E’-u5
,11446L-G5
,27716E-05
,l?477nk-@5
,tY247L-25
,f8u97fi-@5
~81361C-B6
,(J8u59E-W6

,35710L-ti6
,h9346k-i!7
,21291E-t35
,13c!72E=OU
,i52u9E-u5
,98735k-k16

,62517E-06
,.44U58E-i36
,?832RE-06
,42153E-v15

2ND
METtiOD

,22385L-lGI
,66776E-10
,37Rb4~-d9
,6k?q93E-ti9
,36ci52L-09
,551Y[4E-k19
,56721E-Id9
,lll12L-@8
,13Gl151i-’d8
“8b13~9t-ti8
,42@(?7k-U8
,16671E-@7
,23ub’)5L-ti7
,?(456~L-i47
,i153UE-d6
,?58141i*06
,16v19L-@5
,13827Lwti7
~276ti7E-i35
,7521qE-ti5
,ut43f34E-i35
,33?48L-ii5
,\5520E-d5
,!9U75E-UU
,937 35E-@5
,46172t-d5
,441-15E-d5
,31hY3E-@5
,828ti7L-@15
,138261i-dU
,3Y722Li-@5
,2@?89t-U5
,9tj72Uk-k16
,?8913E-k15
~22578L-i15
,1597nL-d5
,14935ii-t35
,64G160L-@6
,37i3b2E-ti6
,2LJ674E*B6
,U7659k-ti7
,lYf151t~d5
,9b74’3E-d’j
,lk3526L-k35
,66711L-J6
,417k12k-Id6
,29U36L-ti6
,18fi63E-i16
,?83~5E’-kl5

1ST
NETHOD

,22385E-l@
,hb776t-lCl
,37$161ik-F19
.6?JQ93L-ZIQ
,36652k-d9
,551Y@E-09
,56721E-!dQ
clll12E-d~
,151315E-08
,86flY9ti-ti8
,42i429E-d8
~16hllt-U7
.23377E-27
,2dR44E-k17
.11U41L-U6
~i?5fi61k-k16
, 159Z’43E-U5
,ff1327E-d7
,?61J~33E-05
,7Z779E-r15
,39456E-25
,32518E-ti5
, $5655E-05
,1852QE-b4
,8691.?E-IJ5
,45:lL4?E-ti5
,4424!k-u5
,32Q6?E-05
.79959k-@5
*1312Rt-ki4
,39394t-a5
.2944REOU5

, l@227E-GJ5
,.?9klF19E-ti5
,23fi3YL-k15
.J6683t-d5
* 158ti3fi-w5
.6f3’569t-li!6
,4!4767E-06
,3i43f31E-L46
,56237E-k~7
,2051OE-U5
qfU729E-M4
e 12t17~E-ti5
~77531E-146
,U8filBE-06
,34ba2E-@6
,?1999L-uh
,3~/J~7k-~~
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GROUP

:
3
4
5
b
7
8

1:
11
12

::
!5
16
1’/
!8
19
2ti
21
22
23
?4
25
26
27
28
29
3tl
31
32
33
3U
3s
36
37
38
39

,40
u!
42
113
44
45
46
47
48
49
5kl

TABLE XI

LFAKAGE Cf)RRECTION EFFECIS ON SURFACE FLUX (N/CMZ’/SEC)

ORIGINAL
jDX

*.2?3Q3E-lB
,6614SE-lti
,37930F-:4Y
,613SUE-f19
,365?9E-@9
,556S3k’-3Y
,56313E-09
,l13u4E-@8
“12818E-(?8
,93wti5E-@8
*4V639E-!36
. lQ~8~~-f17

*2bY79F-@7
.23~f16E-OJ
,16981E-@6
,33489E-@
,17453E-O t
,l1601E-rJ17
,4?358E-35
,78961E-f15
,4f17b6E-05
,37673E-@5
,17565E-G5
,2229UE-04
,91i44E-(35
,37526E-@5
,49827E-a5
,39138E-F!5
,9fl16i?E-@5
,13776F-F14
,r?7kJ85E-95
~ l?i679E-@5
,68755E-06
,3f1625E-c15
, 15896E-CJ5
,1C698E-05
,I0179E-u5
,444)25E-!AtI
,26874E-f16
, ]983~E-@6
,32275E-a7
.2z?67SE-C15
,72568F-rT15
,7z8fi4E-flb
,4?216~-gb
,29899F-F16
,t212~6E-f16
,135f.15F-06
,21384E-@5

RPI FE PROBLEMI

3RD
METHOD

,22380E-IQI
~60@73t.-l0
,379j7E-b9
,6131@E-L!9
,3627@E-i4Q
,55?6@E-k!9
,55828E-u9
,ll194k-ti8
,\2b51E-@8
,8bs93k-k18
,39P57i-2?3
~16f349k-u7
~22186E-@7
,19184E-@7
,97824E-d7
,22.?d?L-n6
,158142t-@5
,12364E-B7
,2u591t-05
,6814flt-ti5
,3763nE-145
,3d759t-ti5
,13736E-05
,1764RE-04
,86h84t-ti5
,45789L-05
,01424E-$35
;z81?0E-@5
,7”775clE-L15
,126S7E-@U
,41751E-@5
,2j825L-M5
,99687E-@6
,27Q76k-M5
,.?4918t-k15
,18912t-@5
,17779E-05
,77349E-a6
,45h67E-@6
,372(4!t-36
,z5585E-ti7
,20717E-05
,12737E-@4
,14485E-U5
,94244k-06
,5974@E-Q6
,425?OL-L46
,27078E-u6
,4@6b4E-B5

2ND
METHUD

~2.2385E-10
,6607SE-10
,379191i-u9
,61315L-U9
, 36276E-U9
,55322E-ti9
,55Qloli-ld9
,l1227L-i38
~12658E-08
,88342L-U8
,391dQE-d8
~lb73?k-d7
,?36KJ?E-147
,19155E-lJ37
,l1369L-a6
,25239E-ld6
,16f164k-@5
,5a688L-ti8
,27239E-@5
,7b587E-d5
,uti437k-rJ5
,3”4562E-ti5
q!5172E-145
~2923UE-J4
,97373E-d5
,46546k-ti5
,44424E-fd5
93177fiE-u5
,87i3vlk-a5
,14394k-i311
,39945k-05
“lV826E-k15
,831751i-06
,28771E-k15
~23!@lk-d5
,15674E-J5
,!426QE-U5
,6fi232E-d6
~35336E-d6
,29582E-ti6
,101’J6E-07
, 18699E-ti5
,941M6E-W5
,98f16BE-06
,6!?26ElE-d6
,38Q41E-@6
,27514E-i36
,17442E-ti6
,26742k-65

1ST
METHOD

,22385k-in
,66075E-lEI
,37Q19L-r59
~f)1315E-ti9
,3627ht-d9
,55322E-d9
“5591VL-U9
~l1227t-aR
,12b5fiE-tifl
,88331E-k18
,391 37E-dll
,16T29E-37
+23575E-a7
,19219E-d7
?!1333L-ti6
*?u999k-a(l
.lb42?lE-05
,7~)a36L-ti8
,?6194E-i35
,73R89E-ti5
,3Q365E-U5
,33728k-i35
, 15386E-i95
,19115L-k14
,91377E-ti5
.45~45E*i.15
t45126E-05
,3297rdk-d5
,836s8E-u5
,13539k-d4
.iJflf197E-E35
,2a371E-d5
,flt)927E-06
~286b@L-ti5
,23826E-ti5
,16743k-ti5
,f5490E-05
,66267E-06
,39E!16E-U6
,32456t-$3h
,!4806E-ti7
,1917Llt-a5
S10639E-04
~!lh22E-ti5
,74506E-ti6
~46915E-ti6
●3327fJL-Ub
,?1!48L-26
,32374t-ti5
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TABLE XII

Number

of
Reflector
Zones——

1
2
3
4
5

BUCKLING THEORY LEAKAGE CORRECTION EFFECTS
ON ZPR-111-54 AS A FUNCTION OF NUMBER OF REFLECTOR ZONES

Unmodified K AK % of A~eff
eff eff

IDX After f+ Obtained After
K Applications of Leak- Just One Application
eff

age Corrections of Leakage Corrections

0.93222097 0.94678948 0.01456851 98.69
0.93266139 0.94645452 0.01379313 100.80
0.93290265 0.94650566 0.01360301 99.92
0.93307022 0.94638714 0.01331692 95.54
0.93315493 0.94596153 0.01280660 97.32

TABLE XIII

BUCKLING THEORY LEAKAGE CORRECTION EFFECTS ON
ZPR-111-54 SURFACE FLUX (N/cm2/SEC) AS A FUNCTION OF NU~ER 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 3.877+5 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 0.973?8-6 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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N. PP.SFlux Weighting Function (R. J. LaBauve, W. R. Wilson, and T. R.

England)

We have concluded an investigation of the structure found in the flux spec-

trum of a mid-life PWR, producing a detailed flux c!escripticm applicable to the

processing of neutrcn nultigroup cross sections fcr power reactcr studies (PRS).

The flux weighting function +(E), a set of 115 log-log interpolation points as

given in ‘TableXIV and shown in Fig. 16, was constructed in the following manner:

1.0 X 10-5 ev - @.~25 e~l,

$(E) approximates a mid-life PWR thermal spectrum from a

172-grou.p MUFT
44

calculation.

0.625 eV - 3.0 X 104 ev.

$(E) approximates the spectrum from 11C2 (Ref. 45) “ultra-fine”

multigroup calculations, using over 2000 er:ergy ~rocps to
238

vividly display the effects of ~ resonances at 60~7,

20.9, 36.7, and 66.0 eV. No attempt was made to repre-

sent observed

to resonances

3.0 X 104 eV - 1.0

$(E)

1.0

The

flux depressions cf less significance due
of 238

U at higher energies.

X 107 eV.

9
in this region approximates the spectrum from MC’ “fine”

160
multigroup calculations. The spectrum effects of

16
resonances at 442 keV, 1 and 1.31 l!eV, and the O window

at 2.35 KeV are clearly presect. Above 3 MeV @(E) assumes

the shape of a fission spectrum with a temperature cf 1.3427

MeV, approximating the calculated multigroup spectrum.

K 107 ev - 2.0 X 107 eV.

weighting function in this region is a velocity exponen-

tial fusion peak,
46

suggested by D. W. Muir and R. Roussin.
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TABLE XIV

PRS FLUX WEIGHTTNG FUNCTION
.-. . . . . --------- . . . . . . . .

POINT
*****

;
3
4
5
6
7
8
9

::
12
13
14
15
16
17
18
i9
20
21
22
23
24
25
26
27
28
29
30
31
32
33
3Q
35
36
37
38
39
40
41
42
43
4a
45
14(,
47
li 8
Ii 9
50
51
52
53
54
55
56

’57
58

FLUX
****k*******

5.?5n0E-aU
3.55n[~r-(31
5.52flRk-L?l
7.12tJnE-141
7.85flPL-til
8.?QOnE-141
fi.9n0t?E-Ul
9.lR(4!4F’-kll
‘3.?IU17E-141
q*]fltioE-ol
t3.920HE-Mt
7.Q9HnF-L31
6.R6(lME-fll
s.?nwc~t-ol
3.83n@E-til
2.5.?UflF-Bl
l.of!dcif-ol
b.R7uFIF-i42
5olc30@E-t32
U.370(3E-(d2
u.13FInC-U2
2.4qlJE-ti?
1.U5U2E-U2
6.3?0RF-k33
4.6164E-ti3
u.lq’jr?E-[13
3.1279E-IA3
1.6S2’1[-03
5.3125F.-O5
1.7632t-03
2.921QE-t43
3.6Ci42E-d3
1.7156F.-u3
1.3Rs8F-03
1.t497-3f-L33
1.373’7F-85
1.k158flt.-l43
1.3565E-U3
(i.lsl~f-tid
7,4f397E-@4
6.7872C-19U
9.1595E-@6
6.545”5E-04
H.261Nt-!3U
5.snl”3E-klu
4.l\2c”\F-ti~l
4.57Q7S-85
ti.7226k-kJIJ
4.8362E-ki4
3.7R2c4f-ti5
2.2’.?57E-ti6
1.5571E-t’16
9.159=JE-U7
5.7q3:lF-k47
a.36t;sr-n7
3.8313qF-L47

3.6~?h[”-37
3.flf127t-u7

POINT
*****

59
6t4
61
62
63
6fJ
65
66
67
68
69
70
71
72
73
74
75
76
77
78
7Q
80
81
82
83
64
85
86
87
88
89
Q@
91
92
93
9a
Q5
Q6
Q7
9R
99

1 tin
101
102
1(43
lLIU
Iu’i
Ifl(a
1 B7
Ititl
IUQ
Ilfl
Iil
112
113
114

115
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Fig. 16. PRS Flux weighting function.



The PRS flux weighting function is currently used in the NJOY
47

cessing ENDF/B-IV fission-product absorption cross sections for

sorption chain library described in Sec. V-C.

III. CROSS SECTIONS FOR HTGR SAFETY RESEARCH

code for pro-

the CINDER ab-

A. HTGR Double-Heterogeneity Space Shielding (M. G. Stamatelatos)

A simple method for space shielding cross sections in a doubly heterogene-

ous HTGR system using rational approximations and collision probability has been

developed.

47,48
In the Levine formalism of space shielding cross sections for a singly

heterogeneous configuration (fuel-rod moderator), the heterogeneity correction

is in the form

ing expression

where

of an added “effective” cross–section te~ Ge in the flux wefght-

$(E) =
1

(st+clo+oe ‘

and

~-
F

absorber atomic density in the fuel rod

A- Levine factor, typically 1.35 for a cylindrical rod

c- Dancoff factor of the regular array of fuel rods in
the reactor core

IF - mean fuel-rod chordlength

(9)

(lo)

Starting from collision probability concepts and using rational approxi-

mations for the escape probability, it can be shown that Eq. (10) can be modi-

fied to account for both levels of heterogeneity (grains in the fuel rcd and

fuel rods in the core) by replacing A with A* where

50



—

1 ~ol co,—=
A* &-(.+-

ZF a l-co ‘
(11)

with

10 -

co -
a-

m.ean chordlength of a grain, assumed to be Spherical

Dancoff factor of the grain structure in a fuel rod

Levine-lilce factor for grains, 16/9 for a sphere.

The Dancoff factor C was calculated in terms of the Sauer chordlength

’49
distribution in a cylinder

where

Zg = fo/Io ,

‘f
=Zg+xl,

and

f - grains volume fraction in a fuel rod

z; - macroscopic cross section of the fuel rod moderator
outside the grains.

(12)

(13)

(14)

The present method was incorporated in a modified version of the lDX code39

and was seen to produce results in good agreement (within .2%) with more de-

tailed shielding methods discussed in previcus progress reports.
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B. Cross-Section Processing for Safety Analysis (M. G. Stamatelatos and R..J.

LaBauve)

Nine-group cross sections for an end-of-equilibrium-cycle (EOEC) composition

were generated at the following core and reflector temperatures: 300, 500, 600,

800, 1000, 1200, 1500, 1700, 2000, 2300, 2600, and 3000 K. The generation pro-

cedures as well as the theory involved (double-heterogeneity space shielding,

etc.) have previously been discussed and will be incorporated in a forthcoming

comprehensive report.

A preliminary examination of important cross sections at three o’fthe tem-

peratures (300, 1200, and 3000 K) has resulted in the following conclusions:

1. There is reasonable overall agreement between the LASL and the General—

Atomic (CA) cross sections.

2. There is some difference in the space shielding of important resonance—
232Th 233U 235

absorber cross sections ( , , U) partially due to the basic in-

put data (the LASL cross sections have used E.NDF/13basic data).

3. There does not appear to be a significant or systematic dependence on—

temperature of the differences between the two sets of cross sections.

4. The LASL cross sections seem to be overall. mere self-c.cr,siste~tthan—

the CA cross sections (e.g., a few GA group-scattering cross sections are neg-

ative or in great disagreement with expected values, possibly due to the cross-

section balancing procedure).

5. Differences in the
16

0 cross sections due to bound (GA) znd unbound—

(LASL) treatments are of small importance.

A comparison of the LASL and the GA absorption cross sections fc.r
232

Th at

300, 1200, and 3000 K is made in Table .XV.

IV. EFFECT OF DISPERSION MATRIX S’I’RCCTLUU?ON A DATA ADJUSTMENT AND CONSISTENCY
ANALYSIS (W. A. Reupke [Georgia Tech] and ?2.W. Muir)

50-52
In previous contributions, a consistent algorithm. for the analysis and

adjustment of combined differential and integral tiatawas set forth. Applica-

tion of this technique to thermor,uclear r,eutronics data i.sin progress and pre-

liminary results have been reported elswhere.
53

In the present contribution,

the effect on these results of correlations in the error utatrix of differential

data is examined. It is shown that in a specific case, the inclusion of corre-

lated components of error in the differential data does not significantly influ-

ence the consiste~cy findings. Although it j.sexpected that in other cases of

interest the differential dzta error matrix will be significant, we present
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these results to illustrate alternatives which are available before completion

of the more costly and systematic evaluations of differential data error files.

As described in Ref. 53, the consistency analysis compared calculated
54

55
and measured values of 11 radial tritium production measurements obtained in

a lithium deuteride sphere driven by a central 14-l!eVneutron source. Combined

fitting of the integral data with a 17-energy-group representation of the
7
Li(n,n’)aT tritium production reaction required an estimate of the relative

uncertainties in these data, as contained in a dispersion matrix of order 28.

The structure of this matrix is block diagonal, and consists of a differential

data submatrix of order 17 and an integral data submatrix of order 11. No

initial correlations are allowed between differential data as a type and in-

tegral data as a type.

Since the correlated errors for evaluated 7Li cross sections have not been

estimated, the structure of the submatrix of niultigroup differential data was

varied from zero correlation to full positive correlation (for all elements) to
56

test the effect of correlation strength on the consistency analysis. A gen-
57

eralization of the program COVM4T was used to generate the required matrices.

The DAFT3 subroutine of ALVIN was used to circumvent inversion of the full dif-

ferential and integral data dispersion matrix; in EAFT3, the singular differen-

tial c?atadispersion matrix wzs separated and transformed to an insertable ma-

trix.

The structure of the submatrix of integral data uncertainties was inferred

from estimates of correlated and uncorrel.ated radial production uncertainties

given in Ref. 55. This submatrix ~.mplied.3% uncertainty in the volume-inte-
55

grated production, in contrast to the reported value cf lo% which included a

qualitative estimate cf additional-- but unider,tified--sources of error. Since

the degree of correlation of these additional sources of error also was not es-

timated in Ref. 55, a “high pattern” matrix, assuming full correlation amongst

the additional sources, was considered in order to set an upper bound on the X2

of the published data. Since

was nearly singular, tests on

used to validate the required

ALVIN .

the resultant dispersion matrix of integral data

similar matrices and matrix identity checks were

inversion of this matrix by’the DAFT3 n,odule in

The effect of the alternate differential data dispersion matrices on the

consistency of the combined differential and integral data, as measured by the
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X2 per degree of freedom, is shown in Table XVI for the “high-pattern” integral.

data correlation matrix.

A snloothvariation between the above values cf final X2 (or ~z after

fitting) is observed for diiferer,tial data correlation strengtks ranging be-

ttreenthe extremes listed above.

From inspectf.oriof Table .YVI, it is apparent that the initial X2 is unaf-

fected by the correlation changes. This result is a natural ccrsequence. of the

fact that the c:orrelat~d contributions to the initisl X2 all cor.tain tb.eele-

ments of tileinitial discrepancy vect~r of differential data and these dis-

crepancies are identically zero when the variables are linearized about a pcint

corresponding to the initizl differential data, as is done in ALITIN.

A stronger and less obvious result is that the final consistency is not

greatly dependent on the assumed structure in the differential data dispersion

matrix. Numerical experiments wj.th integral data dispersion matrices other

than the “high pattern” indicate a similar b;eak dependence on differential data

correlation strength. In particular, similar results are expected for more.

realistic integral c?atadispersion matrices and at lower values of final.X2.

Not indicated in the table is the detailed pattern of the adjustments achieved

in the fit. As expected, the.pattern of ~djusted values is rarkedly sensitive

to the assumed differential data correlation strength.

Our calculations thus establish that an application of consistency analysis

to the ‘LiE integral experiment is relatj.vely insensitive to the detailed corre-

lation pattern of the 7L.i(n,n’)aT multigrouF error matrix. We 21s0 indicate a

technique supplemental to t~.edetailed evaluation of cross-sectior: error matri-

ces. Because this detailed evaluation process may consume significant resources

in other consistency problems of interest, we believe it is useful to establisk,

ON

TABLE XVI

EFFECT OF’ALTERKATE DIFFERENTIAL DATA DISPERSION MATRICES
THE CONSISTENCY OF THE COI181NED DIFFERENTIAL AND INTEGRAL DATA

7
Li(n,n’)uT Matrix

15% Std. Error
2

~ /DOF, Initial— &DCF, Final

Uncorrelated (p=O) 8.7 5.2

Fully correlated (p=l) 8.7 6.0
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in a more general manner the conditions which determine. the effect of dispersion

matrix structure on consistency analysis.

v. FISSION PRODUCT AND DECAY DATA STUDIES

A. Fission Yield Theory (D. G. lfacllandand T. R. I?nglax?cl)

Efforts on fission yield theory have been directed into two areas. The

first area is that of the currently used phenomer.clogical yield model.
58-60 ~m

provements have been sought in the values of certain model parameters and in

the description of certain existing empirical relationships. A study of one

class of phenomena has led to the introduction of a new model relationship.

This work has received greater priority during the quarter because of pending

deadlines for the ENDF/B-V fission product evaluated nuclear data file (23 data

sets with - 1000 independent yields per set). The second area is that of the

development of a fundamental yield theory to be applied to new regions (and new

energies) which are devoid of data and, consequently, where the phenom.ecological

model is of questionable merit.

1. Phenomenal.ogical Model

Studies have been.made of the dependence of the most probzhle charge and

charge distribution width, and the nagni.tude of the even-cold Z effect, ~pcn in-

cident neutron energy ar.clfissile r:uclide. With respect to the later effect,

correlations among excitation energy of tl:ecompc~~nd syste~> fiesio~-barrier

height, and,an averaged pairing energy seem promising. It may be possib].e to

parametrize the magnitude of the even-odd Z effect (and even-odd 1!effect) in

terms of these known quantities so long as the.constraint cf an “aversgecl” ~air-

ir.genergy is nc,t too harsh. Initial calculations have inc?i.cateda reasonable

correlation with the available data.

A nodel of the tiistrfbution of indcper:dent yield strength betwcxm isomers

has been developed, calculated, and tested successfully against the existing

data.
C.1

The model e~plcys the angular monentun distribution form of Rasmussen,

has one parameter (an effective Energy-dependent fragn~ent angular momentum),

and requires knowledge of tlw angclar momenta of tb.eInvclved isomeric states.

A catalog file (~160 cases) of j.soreric branching has been constructed for in-

elusion in ENDF/E-V.

2. Fundamental Yield Theory

hlork has begun on a more soundly based yield theory. Although much pro-
62

gress has been made in fission theory, no clear directicn l--~syet evc~lved
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for the treatment of yields. From a pragmatic standpoint, the most reasonable

method seems to be a statistical model which employs the liquid drop formalism

to describe the collective coordinates. Intentions are to begin within this

framework by calculating mass, charge, and kinetic energy distributions as

functions of fissile nuclide and incident neutrcn energy. AS much lat~.tude

as is possible will be built into the calcu,laticns in order to accommodate ne~~

developments. This work will t.egin in earnest following the modifications of

the phenomenological yield model for ENDF/B-V.

B. Method for Calculating Average Beta Energies and Beta Spectral Shapes
(M. G. Stamatelatos and T. R. England)

Presented here is a new efficient method for calculating average beta ener-

gies and beta spectral shapes for allowed and forbidden unique transitions of the

first, second, and third type. This method is especially useful and economical

for calculating average beta energies and beta spectra for the large number of

fission-product radionuclides. We have found that application of this method

to the ENDF/B-IV fission products reduces the computational time by more than an
63,64

order of magnitude over the Fermi method, which requires numerical integra-

tion and complex gamma function calculations. Our method is accurate over the

entire range of Z values, and especially useful for the occasional user inter-

ested in a few nuclides because it only requires the use of a pocket calculator.

Briefly, the method is as follows. The probability for beta emission with

total relativistic energy, in mec
2

units, between W and W + dW is
63,64

N(W,Z) =

where K(W) is

is the square

JCIM12 F(Z,W) K(W)W W2-1 (WO-W)2 ,

1 for allowed transitions, WO is the maximum beta energy, ]M]2

modulus of the transition matrix element, and C is a constant.

The electron density ratio F(Z,W) is given by a solution to the Dirac equa-
tion63,64

4(1;)
F(Z,W) =

2R 2s

()
emy(W2-l)s

lr(3+2s)12 ~
(l+s+iy)12 ,

(15)

(16)
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where

E = d1- (az)2-1, and y = aZ
*

9 (17)

and a and A are the fine-structure
c

constant and the Compton wavelength, respec-

tively,

We have attempted numerous ways to approximate F(Z,W), or portions thereof,

with simple, accurate, analytically integrable functions. We have found that

the best way is to approximate

F(Z,W) W(FTS
c

by a parabola,

AO(Z) +A1(Z)W+A2(Z)W2 9

with coefficients as functions only of the atomic number Z. This approach

yields a simple form of N(W,Z) good for the entire range of Z.

When this approximation is inserted into Eq. (15), it can be analytically

integrated to calculate the beta spectrum in an arbitrary group structme, the

intensity, or the average kinetic energy ~~-1>. The latter, for an allowed

transition, is given by

7

z
BiW:

<w-l>= i:o 9 (18)

z c Wiio
i=O
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where

*CJ3,% .
30=~’30’42 ‘

.A
‘1 ‘2

‘2 #+m+T ;

‘o
E =--= .

4 >

‘o
c4=r2

.>

‘o
c6=~ “

‘3=0

‘o - ‘1
B5 = so

_y

‘7 – 105

c3=0

‘1c5=m

(19)

In terms of the kinetic energy, llq. (18) reduces to the ratio of two third–

order polynomials.

Analogous expressions exist for forbidden unique transitions. When AO(Z)

and A2(Z) are set to zero and A (Z) set to unity, this expression reduces to a
65,66 1

simpler expression used for averaging most beta energies in the ENDF/B-IV

files.65 Although the present nethod is superior to the older expression, ve

have also tested the older one against Fermi theory calculations using numeri-

cal integration of N(W,Z) with F(Z,V() from Eq. (16) and found it good for all

fission products to within a few percent (Q%). The present method is not only

more accurate for computing the average beta energy of fission products, it also

gives very good spectral shapes and average energies for actinides and light

elements where the old method is less satisfactory. For example, the average

energies for fission products and for Z values through the actinicie region

are approximated to better than 1%.
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For the anticipated expansion of decay data in ENDF/&V into light and

heavy nuclides, this new approximation should be particularly useful.

c. Absorption Chain Library for EPRI (W. B. Wilson, T. R. England, M. G.

Stamatelatos, and R. J. LaBauve)

An absorption chain library for an older,

code6’

modified version of the CINDER

is presently in preparation. This data set describes tke 185 significant

fission product absorbers and precursors in 77 linear rfucliciechains. Infinite

dilution capture cross sectfons are currently being processed from ENDF/B-IV
66

in the PRS-154 group structure
67

using the weighting function Zescribed in

Sec. II-N.
47

The NJOY
68

cross-section processing code has replaced the MINX code in

processing these multigroup cross sections to minimize computer time and ex-

pense. The processed 154-group cross sections are stored on photostore in a

format compatible to the collapsing routine TOAFEW, which produces few-group

cross sections for the CINDER library. These 154-group cross sections are re-

tained for other applications.

ENDF/B-IV yield data has been processed by the routine YLDECK, describing

the fission yield to each of the 1.85nuclides of the library from the 10 ENTIF/B-

IS combinations of fissionable nuclidc and incident neutrcn energy,

The version of CINDER to be supplied to the Electric Power Research Tnsti-

tute (EPRI) is 2 modification of the version described in Ref. 65. Improvements

in roundoff contrcl have been coupleted, similar to those incorporated into

CINDER Version 7.
69

The EPRI code version incorporates a k.effroutine for use

in survey calculations. It is compatible with FORTRAN 11 and IV and will com-

pile

D.

have

tent

on any modern computer.

Decay Heating, Gas Content, and Spectra Calculations for Fission Products
(T. R. England, M. G. Stamatelatos, and N. L. Whittemore)

Several routines have been added to CINDEI?-10 and the 12NDF/E-IV libraries

been extensively checked. Extensive results for noble gas and halogen con-
235

and decay heating in U fission products were cO~puted and sent to tileNu-

clear P.egulatory Agency. Tables XVII and XVIII give representative resuits for
235

two extreme cases--a U fission burst and “infinite” irradiation at constant

power. The latter case is mear.ingful only when neutrcn absorption in the fission

products Is forced to be negligible; then either case can be used to construct

the heating rates for finite power histories. If

60



TABLE XVII

U235 THERMAL FISSION BURST

2/11/76

~MEv/FIs5/s ~

TINE

FOLLOw ItJG
BURST
(s)

0.0+0
100-1
5.0-1
100+0
5.0+0

1.0+1
5.0+1
1.()+2

5.0+7
100+3

5.0+3
1.0+4
5,0+4

1.0+5
5.0+’3
1.0+6

5.0+6
1.0+7
5.0+7
1s0+8
5.0+8

100+9
5.0+9
1.0+10
5.0+10
1.0+11

5.0+11
l.(l+l?
5.0+1?
1.0+13

@FTA GAMMA TOTAL

9.z36-1 7003?-1 l*fi27+o
8.(-144-1 6.0R4-1 1.413+0
5.263-1 3.9(15-l ~,16R-1
3.764-1 2.755-1 6.5?0-1
1.331-1 9.411-2 2.273-1

7.517-2 5.460-2 1.298-1
1..440-2 1.3.48-2 ?.7P(8-2
6.554-3” 6.514-3 1.307-2
9.206-4 Y. 143-4 ].83<-3
4. 328-4 4 .684-4 9.012-4

5.1152-!i 9. 15-I-5 1.501-4
2.418-5 3.60q-5 6.026-5
3.6’53-6 3.2Ql-~ ~e9t+4-6
1.235-6 1.367-6 ?.600-6
1.108-7 2.069-7 3.177-7
5.609-8 1.045-7 1.606-7

1.037-8 1.281-8 ?.319-8
4.717-9 5.ln&-9 9.820-9
6.?55-10 9.807-11 7.235-in
1*995-10 3.427-11 ?*338-lfl
4.145-11 1.951-11 6.095-11

2.7R5-11 1.35?-11 4.137-11
1.?57-1? 7.301-13 1.987-1?
2.R36-14 1.s)?6-14 4.76?-14
2.n86-le 2.296-16 4.383-16
2.068-16 2.276-16 4.34S-16

1.Q41-16 2.1?5-16 4.f)6fi-16
1.796-16 1.953-16 3.750-16
1.n6J3-16 1.073-16 ?.141-16
7.nn4-17 6.262-17 1.335-16

% IN GAS pf?OO(J~Ts.—._._.>.>

—DENSITY—
RADIO-

ALL ACTIVE
GAS GAs

26.08 25.42
25.98 25o3l
2.5.66 ?489~
25.36 24.64
24.12 23.22

23.45 22.37
21.17 18.96
19.77 16.7~
16.60 12.27
16.01 ]1.46

17.53 11.31
18.05 10.39
16.43 7.274
15.38 5.921
14.34 3.374
13*73 1.960

1?.95 0.452
12.96 0.455
1?.97 0.L52
1?.96 0.440
12.89 0.378

1?.86 0.347
12.R4 0.329
12084 0.3?9
1?.85 0.3?9
12.85 0.329

12.85 0.329
l?.es 0.3?9
12.FJ7 0.3?7
12.87 0.325

—ENERGY RATES-

BETA Gfit-tVATOTAL

13.46 14.f16 14.07
14.?7 )s.69 14.$36
16.9? IR.57 17.63
19.n6 7n.~5 19./3?
21.35 23.77 22.35

?1.9] 24.32 22.92
26.23 ?6.?1 26.22.
25.5n ?/+.11 24.R1
18*13 IS*Q8 17.06
12.02 14.?7 13.19

17.06 30.?6 25.11
21.6? lb4.45 35.29

16.8-4 44.77 30.08
24.63 44.53 35.06
25.49 4?.50 36.57
17.57 ?6.32 23.27

o.4L~ n.fi69 0.s67
o.onw 0.012 o.f723
o.?nl o.nll (-).175
0.56Q 0.025 ()./+90

1.?08 00023 0.G29

o.6f+f3 n.n12 0.439
o.no4 0.0001 0.003
n.ooz 0.0019 0000?
O.Z-T? 0.159 0.213

0.275 0.160 0.215

0.2Q3 ().171 ().2Z’Q
(-).316 n.lR6 0.248
n.57R ().?37 0.433
0.791 0.574 0.689

*CAL.CIJLA.TTONS USE ENDF/R-IV nATA WITH CORF?ECTI~NS LI’3TED IN
l_A-6116-MS. ACTUAL k?lJRsT DIJRATIcIN = 120-4S.
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TABLE XVIII

U?35 THERMAL FIss ICIN
INFINITE IRPAOIATXON~

?120176

~MFvIFIS< +!—=——— ~o IN GAS PRfJDUCTS—–—-- >

Ii —DENSITY— MEv/FISS-W-

COOLJNG I RAD~O-

TIMF(<) RET4 GA!4MA TOTAL ! TOTAL

I
ACTIVE BETA

0.0+0 6.LR16+(Y 6.12$34+0 l.?~lo+l i 12!.86 0.3269 19.72
2.0+0 5.611L+0 5.4854+0 1.1097+1 ~ 12.86 0.3269 ?0.05
5.0+0 5.n716+0 5.1007+0 1.0172+1

II

12.86 0.3269 19.94
1.0+1 4.577P.+(I 4.7489+0 9.>267+0 1?.({6 0.326Q 19.77
2.0+1 4.n45q+(l 4.3435+0 f3.3u9f++cl 12.86 0.3269 19.34

5.0+1 3.?62?+0 3.7458+0 7.ln80+o ~ 1?.86 0.3269 iF1.06
1.0+2 2.R825+0 3.~819+0 6.1644+0 ; 12.86 0.3269
2.0+2 2.b630+0

16.75
?.8602+0 S.3232+011 12.86 0.326c)

5.0+2
15.42

2.f)04?+0 2.4045+()
1

4.4(-)87+0] 12.86 0.3269 14.15
1.0+0 1.6960+0 2.087?+n 3.7833+011 12.86
2.0+3

0.3269 13.97
1.4055+0 1.7f+f34+o 3.1539+0 j 12.86 0.3269 14.71

I
5*()+3 1.f)P7?+o 1.296q+fl 2.3841+01! 12.86 0.3269
1.0+4

15.29
9.n.470-l 1.0117+0 1.~159+01’ 12.86 0.3269

2.0+4
14.34

7.fJ49Q-l Q.024f3-l 1.<47s+o\, 1?.86 0.3269
5.()+4

13.?8
5.5630-I 6.2336-1 1.1797+0: 12.86 0.3269 12.74

1.0+5 4.49’39-1 5*1934-1 I
9.6934-1 ~ 12.86 ().3269 10.91

2.0+5 3.R094-1 4.3422-1 I8.]515-1!} 1?.86 0.3269 8.095
5x13+5 3.?308-1 3.38gR-l 6.6195-1 I?.86 0e326q 4:693
1.0+6 2.R46F)-1 2.661?-1 0.3269
2.0+6 2.h529-l

2.349
1.971n-l 0.326Q 0.8334

5.0+6 l*a457-1 1.2417-1 3.1874-1 ‘ 12.86 0e326q 3.707-1

1.0+7 1.6040-1 P.5203-2 2.4560-1 0.3269 4.195-1
2.0~7 1.7’+’!?-1 s.470q-7 1.8457-1 (3.3.269 %.077-1
5.0+7 9.73f)Q-2 3.5787-2 1.3-/10-1

I
0.3269

1.0+8 7.QIPo-2
6.374-1

3.7297-2 1.1648-1 12.86 0.326Q 7.078-1
2.0+8 6.P67ca-2 3.4475-? 1.0,315-1 12.86 0.3269 6.665-I
—..
~CALCIJLATTofN’5USE F.NCF/P-IV nATA WITH CORRECTIONS LISTED IN
LA-6116-US. INFI!JITE PEFF~lS TO A CONSTANT FISSION RATE

(No F)FpLFTIoN) FCF 1.0+13S0

GAMMA

24.46
2s.08
?5.20
25.29
25.3?

25.IR
25.16
25.57
26.99
2P.8?
31.49

34.71
33.Q(3
30.75
26.Q4
23.34

19.1~
11.76
5.358
1.339
7.563-2

1.196-2
1.774-2
2.264-2
2.294-2
?.217-2

TC)TAL

22.03

??.5&
2Z!.5R
22.58

22,44

?I.RI

?1s23
20m87

21.15

?2.16
24.01

?5.85

?4.66

22.34
?(’).26
17.57

14*OO
8e3]o

3.8(73
1.059

2.559-1

2,781-1

3.673-1

4.5Q0-1

4.885-1
4.511-1
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h(tc) = the energy release rate follcving a fission burst
(units are normallyMeV/fissicn./s),

and

H(tc,ts) = energy release
rate (units of
cooling time tm

rate foil.cwing a
Mev/fission) for

,9

constant fission
time t and a

s
L

then

f t=+ r“
H(tc,ts) =

).

h(t.)dt =
)

h(t)dt -
~

h(t)dt

+ i--l.
‘c ‘c ‘c’

= H(tc,~) - H(tc + ts,~) .

Thus, either the burst function h(tc) or the decay heat

a constar.t fission rate for an infinite time H(tc~@ ) can be
s

function following

used to give the

results for a finite irradiation. The burst function is being fitted to a sum

of exponential for such use. Both types of funcciox?s will be used in revising

the ANS 5.1 decay heat standard. However, there are small but necessary correc-

tions for neutron absorption effects. These are also being evaluated.

The gas content is similar to results reported earlier for fast fission,
70

but we now have detailed tables for each gas. (In ENDF/E-IV, there are 93 gases,

-80 being radioactive.) The results are particularly pertinent for several

benchmark short-cooling-term decay-heating experiments currently in progress

where one must consider the possibility of gas loss. For example, one experiment

has used an irradiation period of 24 h followed by measurements of beta and

gamma heating out to 105 s. For this case, and at a cooling time of 104 s, the

radioactive gas products account for only 8% of the total nm.ber of fission

products, but these contribute 45% of the gamma energy release rate. Figures

17 and 18 show the temporal variations of all gases and noble gases.

Aggregate beta and gamma spectra from the gaseous products and from the

total fission product ensemble are now being computed and compared with

various experiments at IuiSLand other labor~tories. Comparisons with recent

preliminary LASL experiments of gamma spectra are extremely encouraging; the
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total gamma release rates from 152 s to 42 h agree with the pilot experiments

within G% or better at all cooling ti~es. Spectral and decay heat comparisons

will be presented at the Toronto American Nuclear Society meeting
71

in June,

1976. Comparisons of total

measurer.ents were presented

Sample calculations of

gamma heating calculations with preliminary @RNL
70

in the previous progress report.’z

beta and gamma spectra are shown in Figs. 19 and 20.
235

These apply to the case of constant U thermal fission for 24 h and at a cool-

ing time of 1000 s. Fifteen beta groups (500-keV wide) and 150 gamma groups

(50-keV wide) were used. The gamma lines in this sample are energy broadened

for comparison with experiments. Spectral and decay heating data are being sup-

plied to the Intelcom Rad Tech Corporation for assistance in analysis of their

eqeriments currently in progress.

Version-7 of the CINDER code was supplied to Sandia, GE, and the Air Force

Tactical Air Command during this quarter, and assistance was given to Sandia and

GE in getting the code operational.

VI. MEDIUil ENERGY LIBRARY (D. G. Foster, Jr. and H. M. Holleman)

All of the existing medium-energy history tapes have been transferred to
238 238

photostore except those for a U target. The U data sets are of question-

able use, however, inasmuch as CROIX has no fission channel in its evaporation

module.
12 16 27

Processing of histories for C, O, Al, and
56

Fe into the National

Aeronautics and Space Administration equiprobability-boundary format has been

completed. A complete tape of the output and microfiche copes of the printouts

will be shipped in April.

%~Le additional work has been done on the program which converts the equi-

probability boundaries into differential cross sections. Efforts to obtain

stable fits in the neighborhood of the kinematic cutoff at high secondary-par-

ticle energies by constraining the fits to go to zero along a line or at se-

lected points have been fairly successful. To date, however, no single algo-

rithm has been devised which never gives negative cross sections within the

cinematically-accessible region of angle and energy.
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