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APPLIED NUCLEAR DATA RESEARCH AND DEVELOPMENT
QUARTERLY PROGRESS REPORT

October 1 - December 31, 1977

Compiled by

C. I. Baxman and P. G. Young

ABSTRACT

This progress report describes the activities of the
Los Alamos Nuclear Data Group for the period October 1 through
December 31, 1977. The topical content is summarized in the
contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Study of the 5Li System (D. C. Dodder and G. M. Hale)

The charge symmetric 5-nucleon systems
5
Li and 5He are the compound states of

several practically important reactions [e.g., the important fusion reaction

T(d,n)4He], and consequently have been the subjects of extensive experimental

study. We have been engaging in a continuing theoretical study of these systems

both to achieve a greater understanding of the physics of the processes and to

be able to make accurate quantitative predictions of the interesting reactions.

The study of the 5Li system by means of R-matrix analysis is now involving
4He d + 3He p + 4He*

four channels, p + ,
3 4*

9 , and ~ + He, where He is the first
+

excited (0+) state of 4He -, and d is the singlet (O ) deuteron. The P + 4He*
1

channel is directly involved in explaining the experiment of Schroder et al., who

find evidence for a 3/2- level that is predominantly a single-particle p-wave
4*

proton interacting with the He cluster. Our analysis finds a similar interpre-

tation, and quantitatively explains all the results of Schroder et al. The in-

clusion of the ~ + 3He channel has similarly led to the tentative identification

of a new J = 1/2+ level that is predominantly a single-particle s-wave singlet
3

deuteron interacting with a He nucleus. Both of these levels manifest them-

selves not only in those outgoing channels that correspond to their cluster

structure, but also in the primary p + 4He or d + 3He channels that contain most

1



of the experimental information. These two levels are in addition to the many

levels, some firm and some still tentative, that we have previously found and

which are allowing an increasingly accurate fit to the extensive body of data.

B. Resonance Model for Three-Body Final States (G. M. Hale)

Because many light nuclei have low thresholds for two-body disintegration,

reactions among light nuclei in which three particles are produced become impor-

tant at relatively low energies. Quite often strong resonances exist between one

or more pairs of the three final-state particles. Starting from the three-body

Schroedinger equation, we have derived an expression for the transition amplitude,

assuming that the relative wave functions for pairs of final-state particles are

dominated by single resonances, which allows us to calculate three-body spectra

in terms of known parameters for the two-body resonances.

Consider the three-particle final state to be described in the coordinate

system shown in Fig. 1. The relative coordinate ~1 between particles 2 and 3 is

conjugate to the center-of-mass momentum ~1 of the 2-3 system, and the coordinate

~1, locating particle 1 relative to the center-of-mass of the 2-3 system, is con-

jugate to momentum lcc. If the 2-3 system is assumed to be the resonating pair,

then the three-body transition amplitude can be expressed as

(1)

where

,..\ 1/2 “ 1/2

()iiz ‘A -i+kY:(;) ,Clgl =
myll -1/2irAe

(2)
‘1 + ‘A

- Eql

andT(2)kk is the transition amplitude
-1-o

for the pseudo two-body process in which

the pro~ectile, incident with momentum h~o,

reacts to form the 2-3 pair in the reso-

nant state IA), relative to which particle

1 has momemtumh~l. The coefficient CAql

contains the parameters of the resonant

state:

2

1

Fig. 1.
Coordinate system used to describe
the three-particle final state.

.



‘A=

‘A =

% =
4k =

2PEy; , where y~ is the reduced width amplitude, PR the penetrability.

the energy eigenvalue of the resonance.

Y: (SR-B), where Sk is the shift function, B the boundary condition.

the hard-sphere phase shift.

y: (;l) em=-= the angular dependence of the resonant state.

= ‘i2k;, where ~‘ql ,—. 1
is the reduced mass of the 2-3 pair.

9..
~JJ1

The emission spectrum for particle 1,
(3)essentially the square of T with the
%EIEO

over the angles of q
-1”

This gives spectra

say, is obtained from integrating

appropriate phase-space factor

of the form

(EA+AA+ Ekl ‘E)z + 1/4 r2

‘here‘klkois generally a slowly varying function of the total center-of-mass

energy E, and b (k k ) is primarily determined by Raccah coefficients for the
LO1

initial and final states of the pseudo two-body reaction.

If the resonating pair includes the detected particle (say, for definiteness,

that it is the 1-2 system), then the three-body amplitude has the same form as before

when expressed in the (~3,r3) coordinate system, where :3 is the relative coordinate

for particles 1 and 2, and 23 is the coordinate for particle 3 relative to the

. center-of-mass of the 1-2 system. That is,

T(3)

~3k3ko

@
= cAq3 Alc3ko ‘

3



where (~3k3) are the momenta conjugate to (~3,r3). However, because now q3 and k3

depend on the angle of ~1, the integration over ql becomes considerably more

complicated. An analytic expression can be obtained in the case of an uncharged,

s-wave interaction, both between the resonating pair, and between particle 3

and the 1-2 system, if the energy dependence of r is ignored in the denominator
A

of cl- . The spectrum in this case has the form

ok (E) is a S1OW1Y varying function of c, and QR is the irregularwhere again R
o

Legendre polynomial having complex argument

‘12m23(cr
- 1/2 ir) - m1m3E - (m12m23- 2m1m3)Ck

z
1=

Mqlkl
.

Here, Er and r are the resonant energy and width of the resonance in the 1-2

system, and the mass factors

3

=mi+m
‘ij zj ‘ ‘= ‘i “

i=l

We have applied these expressions to the calculation of inelastic neutron
6

spectra resulting from neutron bombardment of Li. Only two resonance configur-

ations of the (n,a,d) final state were taken into account: the d-wave a-d reso-

nance that forms 6Li*(3+,2.185) and the lowest p-wave n-a resonance that forms
5
He(3/2-,g.s.). The coupling in both cases to the n-6Li channel was assumed to

be only in the 3/2- state, because a resonance occurs in this state at energies

close to the three-body threshold. The calculated differential neutron spectrum

at 90° for an incident energy of 5 MeV is shown in Fig. 2. The results of Eqs.

(3) and (4) have been transformed to the laboratory system in which most of the

measurements are expressed. The spectrum resembles the data of Hopkins, Drake,

.

.

4
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2
and Cond&, although the points shown

in the inelastic peak for this measure-

ment are uncorrected for multiple scat-

tering, attenuation, and resolution

effects. Presumably, these effects are

responsible for the differences in width

between the measurements and the calcu-

lations for the inelastic peak. The

lack of neutrons at the high-energy end

of the spectrum is reproduced much

better in the present calculation than

in three-bodyphase–space considerations.

0 1 2

En, (WV)

Fig. 2.
Calculated spectrum in the laboratory
system for neutrons detected at 90°,
with 5 MeV neutrons incident.

c. Spectrum Averaged Hydrogen and Helium Production Cross Sections (D. W. Muir
E. D. Arthur, R. J. Barrett, and P. G. Young)

Neutron-induced hydrogen and helium production cross sections for carbon,

nitrogen, oxygen, and magnesium as well as isotopes of these elements have been

obtained for a fast-neutron spectrum typical of the Oak Ridge Reactor (ORR).

Spectrum-averagedand thermal results are given in Table I for both the element

and its isotopes where the reaction of interest had a threshold far enough below

8 MeV to be of importance. Several methods were used to produce the energy-

dependent cross sections that werethen averaged over the ORR spectrum using the

processing code NJOY. In Table I, entries wrked “ENDF/B” were obtained through

use of evaluated neutron data appearing in the ENDF/B-IV system. For results

marked “experimental” a smooth curve was drawn through available experimental

data to produce the energy-dependent cross sections. Hauser-Feshbach statisti-
17 26

cal model calculations were made for the O(n,xa) and Mg(n,a) cross sections.

Entries noted as “estimated” were obtained from an analysis of the systematic
3

of (n,p) and (n,a) reactions in this mass region. Finally, those marked “ex-

perimental spectrum” represent spectrum-averaged cross sections determined ex-
4

perimentally for the Kyoto University Reactor spectrum, which is similar in

shape to the ORR spectrum between 1 and 8 MeV.

5



THERMAL VALUES AND

TABLE I

SPECTRUM-AVERAGEDCROSS SECTIONS (0.1+12MeV)

Reaction
12c(n,a)

12c(n,na)

13C(n,a)

vi N(n,p)

%(n,d)

M N(n, t)

14N(h,a)

160(n,a)

170(n,a)

170(n,na)

18
O(n,a)

Nat
Hg(n,p)

‘attig(n,a)

2$4g(n,p)

2411g(n,a)

25Hg(n,p)

25Ng(n,a)

26Mg(n,a)

27Al(n,p)

27A1(n,a)

‘atSi(n,p)

‘atSi(n,a)

28Si(n,p)

28Si(n,a)

29
Si(n,p)

29
Si(n,a)

30Si(n,a)

Thermal Svectrum-Aver-

issd?l

1.81~ .05

.235? .01

NotAvailable

agedX-See.(b)

1.27-3

3.59-4

8.59-3

3.58-2

3.67-4

1.02-3

9.65-2

1.10-2

.105

1.59-3

3.79-4

1.35-3

3.48-3

1.47-3

5.55-4

1.39-3

2.83-2

0.

4.94-3

7.50-4

8.07-3

3.46-3

6.682 .08-3

4.70-3

2.9? .1-3

6.24-3

1.35 .2-4

Ucthod

ENDF/B

ENDF/B [(n,n3a) x 31

Estimated

ENDF/B

ENDF/B

ENDF/B

ENDF/B

BNDF/B

&lculated

Calculated

Eat%mated

ENDF/B

ENDF/B

Experimental

Estimated

Estimated

EstimatedfromENDF/B

Calculated

HiDF/B

ENDF/B

ENDF/B

ENDF/B

ExperimentalandExp.Spectrum

Experimental

ExperimentalSpectrum

Estimated

ExperimentalSpectrum



D. Calculation of Zirconium Cross Sections (P. G. Young and E. D. Arthur)

Calculations of neutron-induced reaction cross sections on 88
Zr from 4 to 16

MeV and
89
Zr and

90
Zr between 4 and 20 MeV have been made using the GNASH nuclear-

model code and global-parametersets. The global-opticalparameter sets used

were Wilmore-Hodgson5(neutrons),Perey6 (protons),and McFadden-Satchler7 (alphas).

The Brink-Axe18 giant-dipoleresonance model was used to provide the energy de-

pendence for the gamma-ray transmission coefficients. The calculated results

are tabulated in Table II.
88 89

For the cases of n + Zr and n -t Zr reactions, where proton binding en-
88 89

ergies in the compound nuclei Zr and Zr are several MeV less than for neu-

trons, the calculated results are somewhat sensitive to the amount of gamma-ray

competition that, in turn, is influenced by the normalization of the gamma-ray

strength function. Also, optical-model parameters for sub-Coulomb protons are
9

very poorly known, and recent experimental results indicate anomalies in proton

optical-modelparameters for low-energy protons in this mass region. These ef-

fects combine to increase uncertainty in calculations of this nature, and fur-

ther study is required to resolve these problems.

E. Calculations of
191

Ir(n,y) and
193

Ir(n,y) Cross Sections (E. D. Arthur and
O. Bersillon (Service de Physique Nucl&aire, Bruy&es-le-Ch~tel, France)

Statistical-modelcalculations of the
191

Ir (37.6%) and
193

Ir (62.4%) neu-

tron capture cross sections have been made in the energy range from 250 eV to 6

Mev. Below 1 MeV the calculations were made using the COMNUC statistical code,

assuming only El contributions and that all gamma rays resulted from capture.

Correlation and width fluctuation corrections were included for this portion of

the calculation. From 1 to 6 MeV, gamma-ray cascades become important and the

CNASH code, which includes a full treatment of these cascades, was used. Cas-

cades were allowed by El, Ml.,and E2 transitions. In both COMNUC and CNASH the

gamma-ray strength function was assumed to have the energy dependence given by
10

the Weisskopf approximation, which was normalized to experimental values for

the ratio of the average gamma-ray width <1’y> to the observed s-wave spacing

<D>. Values for these quantities were taken from BNL-325
11

and are shown in

Table III.

Special care was taken in the determination of neutron-optical parameters

needed to generate neutron transmission coefficients. The spherical parameters
12

of Auerbach were found to give a good fit to the total cross section from 0.001

7



TABLE 11

CALCULATED Zr CROSS SECTIONS (b)

En

(MN)(n,Y)
n + 88Zr
4 1.66-3
6 7.9-4
8 4.4-4
9 3.2-4
10 2.3-4
11 1.7-4
12 1.3-4
13 1.0-4
14 8.4-5
15 7.1-5
16 6.1-5

n + 892.
20
18
16
14
13
12
11.5
11
10.5
10
8
6
4

n + ‘OZr
20
18
16
15
14
13
12.5
10
8
6

:

X!w!2.a

1.728
1.541
1.563
1.542
1.506
1.461
1.395
1.258
1.055
0.903
0.747

0.068
0.097
0.170
0.377
0.606
0.968
1.176
1.385
1.535
1.628
1.744
1.820
1.834

0.237
0.346
0.558
0.723
0.998
1.402
1.601
1.741
1.828
1.889
1.920
1.919

Q1.Q

0.103
0.14
,0.156
0.152
0.148
0.143
0.136
0.123
0.107 “
0.091
0.08

0.0541
0.0595
0.0686
0.0841
0.0888
0.0933
0.0940
0.0941
0.0935
0.0928
0.0871
0.0729
0.0896

0.0342
0.0343
0.0328
0.0306
0.0274
0.0230
0.0205
0.0094
0.0043
0.0019
0.0098
0.00029

4●9-5
5.5-4
1.9-3
3.1-3
4.7-3
7.2-3
1.06-2
1.5-2
2.03-2
2.65-2
3.29-2

0.0554
0.0407
0.0281
0.0169
0.0125
0.0089
0.0073
0.0059
0.0047
0.0037
0.0011
0.00032
0.00012

0.0404
0.0266
0.0151
0.0105
0.0069
0.0041
0.0031
0.00049
9.6-5
1.0-5
1.6-6
2.5-7

X!Q!Q

5.1-2
0.186
0.293
0.429

1.175
1●134
0.9125
0.6371
0.5083
0.3191
0.2332
0.1371
0.0781

1.157
1.116
0.9439
0.8050
0.5504
0.1710

Q2!J?l

1.4-4
4.3-3
2.4-2
8.3-2
0.127
0.156
0.161

0.1388
0.2250
0.4226
0.5178
0.4355
0.2898
0.1857
0.0908
0.0206
0.0053

0,0589
0.0695
0.0837
0.0731
0.0670
0.0613
0.0457
2.3-5

W!QI!M!QW?!Q

7.0-4
4.1-6 4.8-3
4.0-5 1.6-2 1.3-5
1.6-4 3.2-2 1.3-4
4.4-4 5.0-2 4.9-4
8.2-4 6.5-2 1.6-3

0.0823
0.0664
0.0464
0.0203
0.0114
0.0037
0.0018
0.0006
0.00022’
1.5-5

0.0453
0,0283
0.0131
0.0072
0.0031
0.00088
0.00039

aCE removed.



to 15 MeV and also agreed with experimental values for s- and p-wave strengths

and for the potential scattering radius R’, as shown in Table IV.

In these calculations, 18, 6, 17, and 9 discrete levels were used for
1911r

192Tr 193Tr and 194
9

Ir, respectively. Above these discrete levels, the Gilbert-

Camerln13 ‘level density expression (with Cook
14

parameters) was used with the

constant temperature portion matched to experimental information concerning known

levels.

The calculated results are compared in Figs. 3 and 4 to available experi-
191 193

mental data for Ir and Ir (n,y) reactions between 0.005 and 3 MsV. For
191

Ir the calculations agree with both the recent Drake15 results and the older

Nagle
16 For 193

measurements. Ir the present calculations are somewhat lower Than

most experimental data points but agree again with the Drake values. The calcu-

lated results were combined isotonically and are compared with experimental data

for capture on natural Ir in Fig. 5.

In the future we plan to extend the present calculations up to 20 MeV taking

into account giant-dipole resonance effects that occur in the neutron-energy range

from 10 to 14 MeV. Also, because the Ir isotopes are somewhat deformed(B2X 0.14),

we plan to repeat these calculations using neutron transmission coefficients

from the coupled channels optical model program JUPITOR.

TABLE III

GAMMA-RAY STRENGTH
NORMALIZATION PARAMETERS

n + lglIr

cry> (eV) 0.081 ~ 0.01

<D> (eV) 3.3 ~0.8

2n<l’y>(adopted) 0.154

TABLE IV

n + 1931r

0.094 ~o.02

7..7 ~ 0.8

0.0734

EXPERIMENTAL AND CALCULATED So, S1, and R’ VALUES

1911r 1931r

Experimental Calculated Experimental Calculated

104 so 2.2~o.2 2.21

104 S1 0.2 - 0.8 0.85

R’(fro) 8.6 8.79

2.0 f 0.2 2.12

0.2 - 0.8 0.88

8.6 8.79

9
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neutron capture cross sections on natural Ir.

F. Modification of the Preequilibrium Programs PRECO-A and PRECO-B (O. Ber-
sillon, Service de Physique Nucleaire, Bruyeres-le-Chatel, France)

In order to improve the preequilibrium portion of the preequilibrium
17

statistical model code GNASH, we plan to incorporate one of the Kalbach master
18

equation preequilibrium programs .PRECO-Aor PRECO-B into GNASH. However,because

both of these programs consist of one large routine that is somewhat unwieldly;

we have rewritten them by introducing several subroutines for each main step of

the preequilibrium calculation. Thus, separate subroutines exist for transition

and emission rate calculations, for solution of the master equation set by finite

difference methods, and for calculations of the emitted particle spectra. These

modifications resulted in a decrease in the computer time needed to run these

programs by approximately a factor of 2.

G. Calculations for
233U Prelitina

ENDF/B-V Evaluation (D. G. Madland and
P. G. Young)

A series of cross-section calculations have been performed for use in a
233

preliminary U evaluation by the Los Alamos Scientific Laboratory (LASL) Theo-

retical Group, T-2. Total, elastic, inelastic, fission, capture, (n,2n), and

(n,3n) cross sections were calculated on energy grids of, at nmst, 207 points

ranging from 50 keV to 20 MeV. Combined direct- and compound-elastic spherical

11



optical-model calculations, direct coupled channel inelastic calculations, and

Hauser-Feshbach statistical-model calculations were performed for the various

reactions at the appropriate energy ranges. Several effects, however, were

neglected in this first calculation because of the deadline involved. For ex-

ample, inelastic scattering to members of excited rotational bands, semidirect

effects, and direct-capture calculations will have to be included in future cal-

culations. A summary of the present calculations follows.

The calculational effort began with the development of a global neutron-

nucleus spherical-optical potential for the uranium isotopes. Thirty-two sets

of total cross-section data together with resolved and unresolved elastic-angular

distribution data were simultaneously fit using a global optical-model search

code. For low-energy (~ 2 MeV) data, the code simultaneously optimizes the mag-

nitude of the (assumed) isotropic compound-elastic contribution and the angular

distribution absolute normalization (this is done within the loop that minimizes

the total chi-square from data of all energies). Volume and surface Saxon-Woods

form factors were employed. Their strengths and diffuseness were parameterized

in terms of the neutron bombarding energy EL (neutron),and the volume normalized

target isospin v = (N-Z)/A. Total cross-section data used (from
233U 235U 238

9 s u)

ranged from 1.0 keV to 19.86 MeV, resolved-elastic angular-distributiondata (from
235

U and 238U) ranged from 0.5 to 14.1 MeV. The resultant 1 keV-20 MeV spherical-

optical potential has both volume and surface absorptive terms and has a total

of 15 coefficients, not counting the spin orbit term that was fixed throughout,

as described in Ref. 19. The total elastic cross section predicted by the po-

tential was used as the starting set of values in MT=2. The calculated total

cross section was used in regions devoid of data for MT=l.

A coupled-channel calculation of the direct inelastic was performed by de-

forming the spherical global potential using the 62 and 64 experimental values

determined by Bemis et al.
20 234U

in (a,a’) measurements on . The results of these

calculations compose the direct parts of MT=51, MT=52, MT-53, MT=54, and MT=4.

The remaining calculations were made using the statistical model code COMNUC

with the spherical global-optical potential providing all neutron-transmission

coefficients. The reactions (n,Y), (n,n’), (n,2n), (n,f), (n,3n), (n,n’f), and

(n,2nf)were calculated from 50 keV to 20 MeV. Twelve discrete-fission channels

were used in the (n,f) calculations, and ten discrete-levels in both (n,n’f) and

(n,2nf). Both low- and high-energy approximations were used in the (n,Y) calcula-

tions. Ten discrete levels were used in the (n,n’) calculations. The Axe121

12



estimate was used for dipole radiation; experimental values exist for the giant-

dipole resonance energy and width and were employed in this calculation. The

Gilbert and Cameron
13

level density description was used throughout. Good agree-

ment was obtained with the experimental total and fission cross sections. The ‘

agreement with the experimental capture cross sections was acceptable. Results

from these calculations were used for the reaction types MT=4, MT=16, MT=17,

MT=51 through 54, and MT=91.

H. Preliminary Evaluation of the Neutron-Induced Reactions for 233
U (L. Stewart,

D. G. Madland, and P. G. Young)
me 233U,232

Th fuel cycle for fast-reactor applications is currently

under study. While the evaluated nuclear data for thermal applications have been

periodically updated, the fast-neutron energy region for these nuclei has received

little attention over the past 10 yr. Consequently, efforts are under way at

several laboratories to improve the evaluated data files for the forthcoming

issue of Version V of ENDF/B. At LASL a preliminary re-evaluation of the neutron-

induced data for
233

U has recently been completed between 50 keV and 20 MeV. In

addition, ~ and the fission spectrum have been re-evaluated over the entire en-
P

ergy region. This preliminary evaluation is briefly summarized below.

1. 10
-5

eV to 20 MeV.

(a) The evaluation for fipis shown in Fig. 6 up to 2 MeV. Above 2.4 MeV

(not shown) the new evaluation is less than that of ENDF/B-IV, but is higher

from 11 to 20 MeV. Similarly, the thermal value is lower, but the l-MeV region

is higher compared to Version IV. The evaluation for ~d is essentially that of

Version IV.

(b) The prompt fission neutron spectrum was re-evaluated by assuming an in-

cident energy independent Watt shape with ~ = 2.059 MeV.

2. Thermal and Resolved Resonance Region. The thermal and resolved reso-

nance region was unchanged from Version IV.

3. Unresolved Region (60 eV to 10 keV). Resonance parameters were extracted
22

at Hanford Engineering Development Laboratory (HEDL) using the average cross

sections of Version IV (there are indications that the total, elastic, fission,

and capture cross sections should be re-evaluated in this energy range).

4. 50 keV to 20 MeV. The cross sections were re-evaluated above 50 keV

and matched to Version IV below 50 keV. The evaluated total cross section (Fig.

7) is based upon the data of Green
23

and Foste#4 between 60 keV and 13.9 MeV

13



● SERCRCHEV. 1972
- KUZNETSOV. 1967
+ NURPEISOV. 1973
D OIVEN. 1956
● HOPKINS. 1963
~ BOLOEtIRN. 1971
● COLVIN. 1S63 t
x tlRTHER
+ BOLOEII

I ! i

o 0.4 0.8 1.2 1.6 2.0

NEUTRON ENERGY. lleV

Fig. 6.
999

Vp vs neutron energy for ““U; ENDF/B-IV (---) preliminary
ENDF/B-V (— ), and experimental measurements25 (symbols).

26
and calculations using a global actinide optical potential at lower and higher

energies (see the previous section for a description of the calculations). The

evaluated fission cross section (Fig. 8) is based primarily upon the 233u/235u
27

ratio measurements of Behrens et al. 235
normalized to the ENDF/B-V U fission

cross section. The (n,Y) cross section is based upon the measurements of Hopkins

and Diven28 up to 1 MeV and systematic at higher energies. The elastic, inelas-

tic, (n,2n), and (n,3n) evaluations are derived from Hauser-Feshbach statistical

model, optical model, and direct coupled-channel calculations.

5. Planned Updates in the 50-keV to 20-MeV Region. Angular distributions

for the elastic and direct inelastic cross sections should be calculated, addi-

tional discrete levels should be included, and semidirect effects should be in-

troduced in order to provide more realistic inelastic-neutron spectra. The fis-

sion cross section should be decomposed into first-, second-, and third-chance

fission contributions. Finally, energy distributions for (n,2n) and (n,3n) reac-

tions should be improved. Calculations of the above are in progress.
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I. Phase I Reviews of ENDF/B-V Evaluations [E. D. Arthur. D. G. Foster. Jr..
G. M. Hale, R. J. LaBauve, M. Moore (P-3), D. Muir, L. Stewart, and P. G.

m

A number of Phase I reviews of evaluations submitted for Version V of ENDF/B

have been completed or are in progress by LASL personnel. The list of materials

includes
12
C (Hale, Stewart), F (Muir), Fe (LaBauve), Ni (Foster), Pb (Arthur),

235 242 237 248Cm 252
U (Stewart), Pu (Stewart,Young), and Np, s Cm (Moore, Stewart).

II. NUCLEAR CROSS-SECTION PROCESSING

A. Cross-Section Production (R. E. MacFarlane, D. W. Muir, and R. J. Barrett)

A new version of our large 30-neutron group by 12-photon group cross-section

library has been completed. This version improves the heating cross sections and

corrects errors in several isotopes. The results are available in both DTF and

MATXS format.

The 12C evaluation for preliminary ENDF/B-V has been processed for use in
239 233U were

the LASL Monte Carlo library. Also, preliminary ENDF/B-V Pu and

processed to test the evaluations and the Version V capabilities of NJOY. As a

result, several corrections were made to the HEATR and MCNR modules.

B. Multigroup Cross-Section Sets for NBS [D. W. Muir, R. J. LaBauve, and G. E.
Bosler (T-l)]

We have produced 53-group, 4-table multigroup cross-section sets”for use in

design of experiments at the ~ntermediate-energy~tandard ~eutron~ield (ISNF),

an irradiation facility29 at the National Bureau of Standards (NBS). The ISNF “

arrangement consists of a 15-cm radius cavity in the thermal column of the NBS

reactor, a 5.8-cm inner radius, 7.1-cm outer radius
10
B-Al spherical shell light-

ly supported at the cavity center, and fission source disks of
235

U placed sym-

metrically around the periphery of the cavity. The 53-group cross sections pro-

vided to NBS are space-dependent, having been generated by a group-collapse cal-

culation using the fluxes from a 240-group ONETRAN calculation of ISNF, averaged

over several different spatial regions. The group collapse was performed using

the CINX30 code,
31

specially modified to preserve the angular distributions of

scattered neutrons through the use of the Legendre moments of the neutron flux

in the collapse algorithm.
12 10 11

The input 240-group cross sections for C, B, B,
27

and Al were taken from LIB-IV-240, generated previously32 at LASL using ENDF/B-

IV evaluated data and the MINX
33

nuclear data processing code. Coarse-group sets

for 12C, 10B, llB, and 27Al were generated with CINX for the spatial regions de-

scribed in Table V.
16



TABLE V

REGIONS USED FOR GENERATION OF
SPACE-DEPENDENT 53-GROUP CROSS SECTIONS

Inner and Outer Radii
of Region (cm)

14.92 - 30.00
30.00 - 45.00
14.92 - 65.00
45 ● 00 - 65.00

5.838 - 7.131
5.838 - 6.392
6.392 - 6.762
6.762 - 7.131
7.131 - 7.201

NBS also requested that we perform

calculations to determine the effect of

tions and the effect of changing the Sn

Cross-Section Set Names

C1530
C3045
C1565
C4565
B1O-O, B1l-0, Al-O
B1O-1, B1l-1, Al-1
B1O-2. B1l-2, Al~2
B1O-3, B1l-3, A1-3
AI-4

several additional 240-group ONETRAN
10

small changes in Al and B concentra-

quadrature on the central scalar flux.

Results of these runs are shown in Figs. 9-13.

co NJOY Code Development (R. E. MacFarlane)

Additional IBM compatibility tests performed at Oak Ridge National Labor-

atory (ORNL) by R. Q. Wright have resulted in several corrections to the GROUPR

and CCCCR modules. Tests on preliminary ENDF/B-V evaluations revealed errors in

HEATR and MCNR that have been corrected. A capability to flux average the re-

ciprocal neutron velocity in GROUPR and write the result on the ISOTXS output of

CCCCR was added. Extensive changes were made to MATXSR to simplify input and to

store self-shielded cross sections using the AO method (see Sec. 11.F). Finally,

code validation efforts for thermal reactor work located errors in the GROUPR

flux calculator and in the THERMR coherent scattering option.

D. NJOY-MINX Comparisons (R. J. Barrett)

In February 1976,Kidman and MacFarlane released the

library. Intended for use in fast-reactor calculations,

LIB ~v34
cross-section

the library consisted

of group averaged neutron cross sections, transfer tables, self-shielding factors,

and delayed neutron yields for 101 isotopes in CCCC format (ISOTXS, BRKOXS, and

DLAYXS). The library was processed using the MINX33 code.

In order to directly compare the NJOY and MINX processing codes, a five-

isotope library, processed by NJOY, has recently been produced using the same

17
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group structure, weight function, dilution factors, temperatures, and tolerances

as the corresponding isotopes in LIB-IV. A code was written to compare the two

processed versions of each isotope by calculating the relative differences of

each number in the respective ISOTXS and BRKOXS files (the DLAYXS file was com-
-6

pared by inspection). Absolute differences of less than 10 in the cross sec-

tions or self-shielding factors were ignored, as were relative differences of

less than 0.01.

The first noticable difference in the two codes was the substantial reduc-

tion in running time exhibited by the NJOY code (Table VI). The total time re-

quired to perform the same task was 2.7 times greater for MINX.

As for the detailed number-by-number comparisons, no alarming discrepancies

showed up. Where relative differences of more than 0.01 occurred, they tended

to be of the order of a few percent. The relative differences that were larger

(several tens of percent) were rare and tended to correspond to small cross-sec-

tions (or f-factor) values. This is encouraging because discrepancies in the two

19



TABLE VI

COMPARISON OF NJOY AND MINX RUNNING TIMES
(CDC-7600with the CROS System)

Isotope
lH

160

Fe
235U

238PU

Total

data sets could result from differences

and unresolved), linearization, Doppler

formatting.35

Running Time (s)
MINX NJOY

133 103

590 227

1192 548

2832 1001

1043 271

5790 2150

in resonance reconstruction (resolved

broadening, group averaging, or CCCC

l%is study has already produced several minor modifications to NJOY, re-

sulting in the elimination of several discrepancies. Some of the remaining dif-

ferences are still a mystery to us and deserve further investigation. However,

we believe that the majority of the remaining discrepancies can be explained in

terms of the following well-understood differences between NJOY and MINX.

1.

2.

3.

4.

20

The prompt fission spectrum (x) from MINX is generated from the spectrum
at one incident neutron energy (1.0 MeV). NJOY produces a flux-averaged
spectrum by summation of the fission matrix.

The total cross section in NJOY is the sum of the linearized partials,
while MINX used the linearized values from MT=l of ENDF. This advantage of
NJOY leads to differences in the total cross sections, as well as the trans-
port cross sections and f-factors.

The Doppler broadening in MINX has been deactivated below 0.1 eV due to
numerical instabilities. Among other things, this produces large differ-
ences for low-energy elastic scattering at temperatures other than O K.
While the NJOY cross sections exhibit the l/v tail that is automatically
produced in Doppler broadening to preserve reaction rate, the MINX cross
sections are flat.

In NJOY, the transport cross section is defined in the approximation

.

9

.

.



as recommended
imation that

a:rl=&-
9 >

35
in the CCCC manual. The MINX code used the further approx-

There is no guarantee that this approximation is equivalent to the recom-
mended one. Furthermore, the flux-weighted (PO) elastic cross section is
substituted for the current-weighted (PI) total scattering cross section
and the average scattering cosine (~) is assumed to be unchanged by self-
shielding.

5. Both NJOY and MINX relax their linearization tolerances for small cross
sections. Neither code will seek to meet the linearization tolerance if
the absolute difference between the linearly interpolated cross section and
the correct value is less than 10-5. Because NJOY uses a unionized energy
grid, it will sometimes place extra energy points in regions where MINX
would not. The resulting discrepancies are not very important.

Further work is contemplated toward understanding these and other differ-

ences between the two codes. However, the results of this comparison have

strengthened our confidence in the new NJOY processing system.

E. LTSS Version of NJOY (R. M. Boicourt and R. E. MacFarlane)

The NJOY nuclear cross-section processing system has been successfully con-

verted to the LTSS time-sharing system. Many of the changes were rather minor,

such as modifying the overlay commands and the logical bit manipulation routines.

Obtaining efficient input/output was the major problem. The binary 1/0 routines

in the ORDER library are very inefficient. Most users code around this problem

by using BUFFERIN and BUFFEROUT or other specialized routines. However, NJOY

is required to be easily converted to other systems; therefore, we wanted to

keep the standard FORTRAN read and write statements. For this reason, we wrote

an 1/0 package called ZIO that intercepts the ORDER binary read and write calls

and converts them into buffer operations. The system uses double buffering in

LCM, handles up to 16 separate files, automatically reads and writes families of

files, and supports a skip forward-or-backwardby N records capability.

In order to make it easier for T2 users of NJOY to submit jobs to the remote

batch system for night runs or even to ORDER for day runs, a simple program

called T2RUN has been written that generates an ORDER input file from simple

CROS-like commands. The file retrieval routines automatically handle such com-

plexities as converting from CROS form to LTSS, XPORT calls, and packing out



families of files. Output options such as

interactive input is available if desired.

CBT and microfiche are

The following example

session for NJOY.

T2RUN / 1 1.01345

ENTER YOUR USER NUMBER,
(15,1X,13,14)

? 66749 2 300

PROGRAM RUN TIME (MINUTES),LCM REQUIRED

supported, and

is an input

(K).

ENTER YOUR NAME AND COST CODE (A10,1X,A4).
? R. BOICOURT C138

ENTERAN INPUT LINE.
? GET FS=NJOY,AC=T02,LTSS

ENTER AN INPUT LINE.
? GET FS=C121N AC=T02 LTSS

ENTER AN INPUT LINE.
? GET FS=C12P,AC=T02NJOY,DEV=HP,LOCAL=21

ENTER AN INPUT LINE.
? GET FS=T408 AC=T02DWM DEV=HP LOCAL=20

ENTER AN INPUT LINE.
? EXECUTE FS=NJOY INPUT=C121N

ENTER AN INPUT LINE.
? OUTPUT FS=TAPE40 ID=GROUPR - C-12

ENTER AN
? END

ORDERINV=
ORDERINV=

INPUT LINE.

GIVEN TO DEFERRED BATCH SYSTEM.
SUBMITTED TO DEFERRED BATCH SYSTEM. S 01/09/78 16:04:00

The “LTSS” in the GET command tells the system that the file is in LTSS rather

than CROS format; the other options are as in the CROS PHOTOR command. The ORDER

input file required to do the same job follows.

1 $BATCH us 066749 TOO 01 00 02 0300

2 *ID 9502c138

3 *XEQ XpORT

4 *XEQMES T02 GET NJOY

5 *NXT

22
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7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

xxliq Xlwlw

*XEQMES= T02

*NXT

*XEQ XPORT

*xEQ~S T02NJ0y

*~T

*XEQ CRSCNV

*XEQMES C12P

*NXT

*XEQ DESTROY

*XEQMES C12P

*NXT

*xEQ XPORT

*xEQ~s T(32D~

*NXT

*XEQ CRSCNV

*xEQ~S T408

*NXT

*XEQ DESTROY

*xEQ~S T408

*NXT

*XEQ NJOY

*XEQMES C121N

*NXT

*XEQ ALLOUT

*XEQMES TAPE40

*NXT

*END

GET C121N

GET C12P ,HP

TAPE21A

GET T408 , HP

TAPE20A c.

BOX T02 R.BOICOURT GROUPR - C-12

The simplification is clear.

F. MATXS Self-Shielding Cross Sections (R. E. NacFarlane)

The new MATXS format is being developed to provide a generalized and compre-

hensive mechanism for storing multigroup-neutron, photon-production, and photon-

interaction cross sections for the CCCC interface system.
36

A utility code TRANSX

is used to form tables for transport codes including such options as coupled sets,

23



collapse to a subset group structure, and the construction of special activity

edit cross sections. This system is now being extended to include self-shielded

cross sections.

In the past, self-shielding data has been stored as “f-factors,” the ratios

of the cross sections at several values of T and a to that at some reference
o

temperature (usually O K) and infinite dilution. Any use of the data requires

that the reference cross section and the f-factor both be retrieved. MATXS, on

the other hand, uses the “Ao” method. The reference case is the first T and 00

for a given isotope; all subsequent sets are differences between the cross sec-

tions at that T and 00 and the other reference case.

This organization simplifies data handling and reduces memory requirements

for many self-shielding operations. For example, to shield the total scattering

matrix, the elastic AO matrix is simply added to the reference total matrix.

There is no need to retrieve the various partial cross sections required by the ,

f-factor method. Zero AO values (and small ones) are automatically removed from

the file by the banding capabilities of MATXS for efficient use of disk space.

The MATXSR module of NJOY has been modified to produce AO MATXS files.

A new version of TRANSX is being developed that can produce self-shielded

transport tables at specified values of T and O., or which can use heterogeniety

principles and a. iterations to produce tables for specified geometries and mix-

tures. One new feature of the coding is a two-dimensionalLagrangian interpola-

tion scheme using all T and 0
0
values on the MATXS library. All neutron-scatter-

ing matrices and photon-productionmatrices can also be shielded. The output is

compatible with many existing transport and diffusion codes.

The MATXS file and this advanced version of TRANSX are the nucleus of a new

space and energy self-shielding code under development at LASL.

G. Code Comparisons (R. E. MacFarlane and R. B. Kidman)

Because of the importance of validated computer codes for nuclear design,

the United States Department of Energy (DOE) sponsors a Code Comparison Working

Group consisting of representatives from industry and the national laboratories.

IASL chairs the Processing Code Subcommittee of this group. The members have

each analyzed two simple homogeneous problems based on a typical fast-breeder re-

actor composition using their own codes, and we have analyzed the results and

tabulated comparisons. Our results were presented to the subcommittees at a

meeting in Germantown on November 2,,1977. The following is a brief summary of

the results.
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Table VII gives a

Larger differences are

comparison of several important integral properties.

seen between fluxes, adjoints, and cross sections. A

detailed analysis of the differences between LASL and Argonne National Laboratory

(AN’L)showed the following major sources of differences: the use of coarse groups

(1/2 lethargy in some regions) and an inappropriate weight function (1/E + fis-

sion), inadequate correction for coarse flux effects on elastic removal, and

different self-shielding effects in the unresolved region (probably due to the

new inclusion of same-sequence overlap correction in MC22).37 Table VIII breaks

down the Ak difference between LASL and ANL in order to show the part of the

difference due to each of the important effects.

H. Interlab Doppler Comparison (R. B. Kidxnan)

The Processing Code Subcommittee of the Code Evaluation Working Group

decided to compare Doppler calculation on their ZPR67 infinite homogeneous

Group

system.

LASL‘S

values were

at 2100 K.

preliminary Doppler results are presented in Table IX. The eigen-

computed first with all materials at O K and then with all materials

The eigenvalue differences are proportional to the Doppler effect.

We have included more calculations than called for in order to quantify the ef-

fects that number of downscattering groups, original weighting function differ-

ences, and buckling have on the Doppler effect. The number of downscattering

groups and different weighting functions have less than 1% effect on the Doppler.

However, the Doppler effect for the buckled case is ‘w34%less than for the un-

buckled case. This suggests that the Committee should include the buckled Dop-

pler case as an important variation. If no errors are discovered, we intend to

report the top and bottom line results to the Committee.

I. Elastic Removal F-Factors and Spectral Adjustment Schemes (R. B. Kidman)

For most library group structures now in use, elastic outscatter of a

group sensitively depends on the flux near the bottom of the

tual intragroup flux shape differs greatly from that assumed

averaging code, then special spectral corrections have to be

tic removal cross sections.

group. If the ac-

hy the multigroup

applied to the elas-

We have been investigating several iterative schemes for performing these

spectral corrections, and we have applied them all to the simple reactor system

specified by the Processing Code Subcommittee so we could compare each scheme

to the ANLresults. 25



TABLE VII

INTEGRAL PARAMETER COMPARISON

Parameter

K
c28/F49
c281F25
F49/F25
F28/F25
F40/F25
F41/F25

ZPR-6-7 Infinite ZPR-6-7 Buckled
Homogeneous Medium Homogeneous Medium

ANL Value LASL PD ANL Value LASL PD

1.2096 0.17 1.0040 0.19
0.1666 -0.51 0.1585 -0.26
0.1477 -0.60 0.1447 -0.35
0.8865 -0.08 0.9132 -0.12
0.0172 0.58 0.0206 0.68
0.1582 0.34 0.1806 0.33
1.2926 0.34 1.2943 0.33

TABLE VIII

EFFECTS OF CROSS-SECTION DIFFERENCES

Eigenvalue Effect
Material Differences As % of TotalAK

Mix Absorption
V*Fission
Elastic Removal
Inelastic Transfer

239PU
Absorption
Resolved Region VUf

Unresolved Region VCJf

238U
Resolved Region Absorption
Unresolved Region Absorption
Smooth Region Absorption
Smooth Region V~Fission
Elastic Removal

-158
677

-332
87

-123
- 45

330

132
- 40
- 74
286
102

Ni Elastic Removal 83

Fe Elastic Removal -257

Cr Elastic Removal - 7i

●

✎

160
Elastic Removal -243
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ZPR-6-7 HOMOGENEOUS

Codes/Library

MIN#/lDXb/LIB-IVcfull matrixd

MINX/lDX/LIB-IV10 downscatterd

MINX/1.DX/72-Gpe30 downscatterd

ETOXf/lDX10 downscatterd

TABLE IX

MEDIUM DOPPLER CALCULATIONS

.B2-() B2 = 0.00073
K at K at K at K at
300K 2100K K 300K 2100K K—— —— —
1.21161.1805 -0.0312 1.00590.9853 -0.0206

1.21211.1811 -0.0310 1.00610.9857 -0.0204

1.21161.1804 -0.0312

1.21081.1804 -0.0304 1.00530,9850 -0.0203

a

b

c

d

e

f

Ref.33

Ref.38

Ref.34

Theseterms referco thenumberof groups
retained‘todescribethescatteringfromanygroup.
A 72-Grplibrary(whichhasmorehigh-andlow-energygroupsthen
LIB-IV)was generatedto testweightingfunctioneffects.

Ref.39

Sample results for the iron elastic removal cross section are compared in

Table X. (Our 50-group cross sections were collapsed to the 28-group results

presented in Table X for direct comparison with the ANL results.) The first

column is the ANL elastic removal cross section in b. The second column is the
38

percent deviation (PD) of the original lDX results from the ANL results. The

third column shows the percent deviations obtained when no iteration on the elas-

tic renmval cross section is performed; that is, the elastic removal cross sec-
34

tion was simply taken to be the product of the MINX elastic removal cross sec-

tion times the MINX elastic scattering f-factor. The fourth column represents
40

results from a slight modification of the original lDX method. Instead of in- “

terpolating on the produce of E oe @ as is done in lDX, we interpolate on the

collision density, Zt$, to find the “correct””flux to use in our elastic removal

definition. The last column shows results from a method
41

in which we give sim-

plified shapes to the old and new spectra, to the elastic cross section, and to

the outscatter probability. We then perform group averaging integrations to find

the elastic removal changes caused by gross-spectral changes.

The eigenvalue deviations are shown along the bottom of the table to provide

some idea of the magnitude of eigenvalue changes that may occur in evolving to

an improved elastic removal treatment.
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TABLE X

I—

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28

K

IRON ELASTIC REMOVAL CROSS-SECTION COMPARISON
ON THE zPR-6-7 INFINITE HOMOGENEOUS MEDIUM

Value

-(!L

0.0701
0.0843
0.1271
0.1401
0.1869

0.2475
0.1329
0.3519
0.1942
0.1802

0.3968
0.2114
0.1284
0.3872
0.3877

0.2089
1.3256
0.5950
0.5536
0.5195

0.6279
0.5389
0.3042
0.2866
0.2620

0.5850
0.0169
0.000

1.2096

Original lDX with Collision
lDX NIFF=O Density
PD

62.4
59.3

4.0
- 6.5

5.5

-29.6
67.6

-19.9
25.7
71.7

5,6
248.3

16.1
19.3
25.5

117.1
-10.3
- 3.5
0.2
0.3

-16.3
5.1
76.1
84.1
130.4

-14.8
- 9.4
0.0

0.17

PD

-12.3
3.4

-23.5
-26.4
-43.1

-23.3
-12.2
7.5

- 3.5
-30.3

15.3
-63.4
13.9
15.1
5.3

45.9
-29.3
3.2
9.6
18.0

12.1
49.9
167.4
183.9
210.6

39.1
83.5
0.0

1.22

PD

- 0.5
50.4
- 3.4
- 6.3
20.4

-34.4
- 9.6
5.0

- 1.8
-40.0

9.1
-65.6
14.6
17.4
- 3.4

13,3
-32,2
- 3.9
- 2.5
- 1.9

0.3
1.7
90.2
84,3
130.6

-13.4
-17.8
0.0

0.57

Non-
Linear
PD

-10.5
24.0
-13.3
-14,0
-11,5

-30.8
- 6,0
6.1

- 3.1
-34.3

12.0
-62.9
4,9
5,7

- 3.6

10.8
-13.5
1.1

- 2.5
- 2.5

- 6.5
- 7.9
18.7
- 2,7
116.9

-19.6
-79.2
0.0

0.84

●

✎
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Unfortunately, it appeare none of the schemes do a significantly better job

than any other. Up to this point, all schemes have attempted to make corrections”

without requiring knowledge of resonance structure and location. This nicety may

have to be abandoned Decause the final scheme may require the passing along of

some minimum amount of resonance information.

Self-shielding factors for elastic-scattering transfer cross sections have

been neglected in the past. They simply were never computed. Their generation

and use were never considered, probably because of the increased amount of data

required and doubts about the improvement that could result from their use.

Departing from this tradition, elastic removal f-factors have been generated

with NJOY42for 1’0,23Na, Fe,23’U, 238U, and23’Pu. Following thenecessary

code modifications, these f-factors were tested in our present problem. Indeed,

as Table XI shows, the resulting elastic removal f-factors, FD, are a good deal

different than the elastic scattering f-factors, FE, that have previously been

used.

With the elastic removal f-factors incorporated, Table X becomes Table XII.

The elastic removal f-factors have essentially no effect on the original lDX

scheme because after the first iteration, the elastic removal cross sections

are computed independently from the elastic removal cross sections and f–factors

that were input. Noticeably, however, for the other schemes, the large differ-

ences in groups 11 and 13 were corrected. Beyond that, there is no forceful

trend to indicate which scheme, if any, is approaching reality.

The addition of the removal f-factors has not cleared up the Table X

troubles. Spectral corrections schemes will have to be re-examined.

III. FISSION PRODUCTS AND ACTINIDES: YIELDS, YIELD THEORY, DECAY DATA, DEPLETION,
AND BUILD-W

A. Fission Yield Theory [R. E. Pepping (University of Wisconsin), D. E.
Madland, C. W. Maynard (University of Wisconsin), T. R. England, and P.
G. Young]

It has been determined that a combination of Gauss-Legendre and Gauss-

Laguerre quadrature integration
43

rules may be used to evaluate the integrals

necessary to compute yields. Cases typifying extreme behavior of the integrands

were tested and gave computational accuracy of 6 parts in 104 in the worst

instance.

Yields have been computed for a variety

of c shape parameters. The grid coordinates

of assumptions on a 20 x 20 grid

correspond to the midline of the
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I.

1
2
3
4
5

6
7
8
9

10

11
12
13

‘ 14
15

16
17
18
19
20

21
22
23
24
25

26
27
28

K

TABLE XII

IRON ELASTIC REMOVAL CROSS-SECTION COMPARISON
ON THE zPR-6-7 INFINITE HOMOGENEOUS MEDIUM

Value
(b)

0.0701
0.0843
0.1271
0.1401
0.1869

0.2475
0.1329
0.3519
0.1942
0.1802

0.3968
0.2114
0.1284
0.3872
0.3877

0.2089
1.3256
0.5950
0.5536
0.5195

0.6279
0.5389
0.3042
0.2866
0.2620

0.5850
0.0169
0.0000

1.2096

lDX
PD

62.4
59.3
4.0

- 6.5
5.6

-29.7
67.6
-19.9
25.8
71.8

5.7
248.0
16.1
19.3
25.6

16.7
-10.4
- 3.5
0.2
0.3

-16.3
5.1
76.1
84.1
130.3

-14.8
- 9.4
0.0

0.17

Original lDX with Collision
NIFF=O Density
PD

-13.2
4.2

-21.1
-25.7
-44.2

-25.2
- 6.0
- 6.8
13.0
7.1

9.2
7.6

11.9
8.1
18.6

56.2
-33.5
4.3
9.6
17.7

11.3
49.5
167.2
183.9
210.5

39.1
86.2
0.0

1.31

PD

0.6
49.0
0.7

- 5,2
17.3

-36.6
- 2.5
- 8.3
17.2

- 4,8

5.5
0.7
12.4
9.2
9.4

29.4
-31.7
- 4.1
- 2.2
- 1.9

- 0.5
5.3
76.6
86.2
121.1

-13.1
-14,3
0.0

0.72

Non-
Linear
PD

-11,1
24.0
-10.2
-13.0
-13.5

-32.8
0.9

- 7.6
13.5
1.6

6,5
8.’4
3.8

- 0.9
8.6

21.5
-17.8
3.2

- 2.9
- 2.5

- 7.1
- 6.9
25.8
-31.9
116.9

-24.0
-37.0
0.0

0.95

.
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20 x 5 grid in E, E 44
4
-space employed by Seeger and Howard and usually corre-

sponds to an c
4
-value of zero. This choice was made to simplify computation. A

shape-dependent yield was computed for each possible s(1) and E(2) pair. Yield

grids have been calculated for two values of 6, the Coulomb parameter described
45

previously, and two other models of density parameter a in addition to that
46

reported previously. The first is the original model (described in Ref. 47),
46which we have determined by the same fitting procedure as reported previously,

to be given by a = 0.3A. The second is of the form proposed by Gilbert and

Cameron13 and is given by a = A (0.258 + 0.00974S).

1.

2.

3.

4.

into

Four treatments of the resulting yield grid have been employed.

The shape-yield spectrum is assumed to be a delta-function at the shape
45

corresponding to the maximum value of the &function and is integrated
over shape (Gmax method).

The shape-yield distribution is assumed to be given by a delta-function at
the shape corresponding to that of the maximum of the shape-dependentyield
and is integrated over shape (Ymax method).

The shape distribution is assumed to be given by a Gaussian with its peak
located at the point of maximum shape-dependent yield and widths determined
by the adjacent points and is integrated over shape (Gauss method).

No shape distribution is assumed; the shape integration is performed by a
simple sum over all gird points (Sum method).

For each resulting fragment yield, the effect of prompt neutrons are taken

account in a simple way to determine the product yield. This Is done by

assuming that if neutron emission is energetically possible, it occurs. The

neutrons are assumed to have either no kinetic energy or 2.0 MeV of kinetic en-

ergy. When neutron emission is no longer energetically possible, the remaining

energy is assumed to appear as prompt gamma rays. Neutron separation energies

for this calculation are taken from Ref. 44. The energy available for prompt

neutrons and gammas is obtained by summing the energy from fragment excitation,

and the energy to be recovered as the fragment shape relaxes to the ground-state

shape. Also, for one case, an attempt has been made to improve the mass formula

by assuming the ground-state mass to be given by Garvey-Kelson mass relations as

reported by Janecke in Ref. 48, and by measured values where such data exist.

The yield calculation is quite sensitive to the mass, and the Garvey-Kelson

relations show a RMS deviation of 118 keV when compared to measured masses,
44

whereas the Seeger-Howard formula shows a RMS deviation of 704 keV. The
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Seegar-Howard formula is then

state for other shapes.

The results (Table XIII)

the yield grid, with only the

used to determine masses relative to the ground

are surprisingly insensitive to the treatment of

peak-to-valley ratio showing any real variation.

Unfortunately, it appears to deteriorate as the amount of detail put into the

parameter a is increased. The onset of symmetry for the case of 6 = 3.5 fm

may be understood by noting that the dominant effect of increasing 6 is to re-

duce the Coulomb energy, which in turn increases the value of the Gfunction.

The effect is then similar to that of increasing the neutron bombarding energy

with the resulting reduction in the peak-to-valley ratio. Other consistent

deviations from experimental observation are the absence of a dip in the total

kinetic energy in the region of symetric fission and the fact that the prompt

neutrons appear to be emitted primarily by the heavy fragment rather than a

“saw-tooth” distribution from both fragments. The experimental observations are

summarized in Ref. 49.

The mass distributions are only slightly different than those obtained in
50

a similar statistical model calculation. The mass-peak shift seems to be a

recurring feature of statistical model predictions. Of interest with the cur-

rent version of the model is the effect of pairing upon the yields along a given
51

mass chain. Good experimental results have recently been reported for the case
235U

of thermal fission of . The present model may be of some use in pre-

dicting this effect where experimental data are unavailable.

B. ENDF/B-V Yields (T. R. England, N. L. Whittemore, W. B. Wilson, and D. G.
Madland)

Two codes were written to produce the ENDF/B-V yields, including all data

required for an extended, revised format. These data include 20 sets each of

independent and cumulative (by A and Z) yields and associated uncertainties. A

total of 44 120 yields are included. The independent yields are direct fission

yields before delayed neutron emission, and the cumulative yields are summations

for each Z value along each mass chain after delayed neutron emission. Copies

of the yields have been sent to Brookhaven National Laboratory (BNL) for inco~po-

ration into the ENDF/B-V actinide file. I
Following data testing, these yields will be revised as necessary to assure

consistency with the decay data file and to incorporate any new data. Special

edits of half-lives and branching ratios were prepared and sent to the Chairman

of the Decay Data Subcommittee.
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I

It should be noted that ENDF/B-V yield evaluations and files differ from

ENDF/B-IV values in the following respects:

1. The number of yield sets has doubled and the cumulative yields are now
included.

2. Uncertainties are now incorporated in the files.

3. Yields are given before and after delayed neutron emission (i.e., for the
independent and cumulative yields, respectively).

4. The yield distribution models for pairing and isomeric states (Refs. 52
and 53) are now incorporated.

5. Recent, and in some cases unpublished, experimental data have been in-
corporated.

6. The final yields will also incorporate ternary fission in conserving the
fissionable nuclide charge. The model of Ref. 54 will be used.

The file data has been expanded by a factor of 8, including the un-

certainties.

co Delayed Neutron Calculations (T. R. England, W. B. Wilson, and N. L.
Whittemore)

The ENDF/B-V yield data evaluations include only two conservation principles:

the yield summations under each mass peak are normalized to 100%, and the fis-

sionable nuclide charge is conserved by adjusting the Z value (the most prob-
P

able charge yielded per mass chain). This leaves several parameters available

that can be used in checking the overall quality of the yields, such as the Q-

value per fission, prompt neutons per fission, and total number of delayed neu-

trons cd per fission.

~d, calculated from the yields, is particularly sensitive to the model pa-

rameters used in distributing the mass-chain yields. The calculated cd also de-

pends on the neutron emission probabilities Pn of delayed precursors.

As noted in the last progress report
55

there are now 69 known precursors,

48 have measured Pn values and, based on energetic, there are a total of ~102

probable precursors. Most of the prominant precursors are included in the 48

measured Pn values, and all probable precursors have model estimated values.

All values were tabulated in Ref. 55.

These Pn values and the preliminary ENDF/B-V yields have been used to cal-

culate the number of delayed neutrons for each of the 102 precursors for each

yield set and the total ~d per yield set. The total ~d results are tabulated

in Table XIValong with some experimental data and ENDF/B evaluations.
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TABLE XIV

DELAYED NEUTRONSa PER 100 FISSIONS

Calculated From
Fissionable Preliminary
Nuclide ENDF/B-V Data

232Th(F)

232Th(H)

233U(T)

233U(F)

233U(H)

235U(T)

235U(F)

235U(H)

236U(F)
238

U(F)

238U(H)
237

Np(F)
239

Pu(T)
239

Pu(F)
239

Pu(H)
240

Pu(F)

241Pu(T)
241

Pu(F)
242

Pu(F)

252cf(s)

4.66

3.23

0.825

0.895

0.636

1.72

1.90

1.04

2.22

3.31

2.59

1.22

0.743

0.696

0.446

0.855

1.51

1.39

1.32

0.633

(4.35)

(2.89)

(0.773)

(0.839)

(0.585)

(1.59)

(1.74)

(0.947)

(2.00)

(2.84)

(2.22)

(1.07)

(0.638)

(0.572)

(0.367)

(0.720)

(1.24)

(1.12)

(1.09)

(0.472)

Evaluation

ENDF/B-IVb

5.27 ~0.40

3.00 foo40

o.74C&o.04

0.740 ~ 0.04

0.44 ~ooo5

1.67 fO.07

1.67 f 0.07

0.90 f 0.10

---

4.60 f0.25d

2.60 ~0.20

—-

0.645~ 0.04

0.645+ 0.04—

0.43 f 0.03

0.90 ~ 0.09

1.57 f 0.15

1.57 + 0.15

---

---

Range of
Emerimental Datab

3.9 ~o.9 5.9 21.5

1.30 f 0.51 8.72 ~ 0.67

0.63~ 0.18 0.671~ 0.041

0.67 ~ 0.08 0.75 ~ 0.064

1.42 ~ 0.42 oo439fo.04

1.58 ~ 0.10 2.05 ~ 0.61

1.63 ~ 0.13 1.’83~0.18

0.88 f 0.07 0.91 f 0.04

—- ---

3.88 ~ 0.49 4.84 ~0.36

1.70 ~ 0.67 7.85 ~ 0.50

---

0.59 ~ 0.23 0.95 ~ 0.15

0.62 ~ 0.05 0.721_ 0.008

0.41 ~ 0.02 1.35 ~ 0.16

o.94fo.11 ---

o.16~oo16 ---

-- ---

1.50 ~o.5 ---

o.86fo.lo —-

aValues in parentheses include only measured Pn values
(48 nuclides); otherwise the calculations include model
estimates for an additional 54 precursors. (NOTE: T = Thermal,
F = Fast, H = High Energy, and S = Spontaneous Fission.)

b
Evaluations and uncertainties from S. A. Cox, “Delayed Neutron
Data - Review and Evaluation,” Argonne National Laboratory re-
port ANL/NDM-5 (1974).

‘Summary report by R. J. Tuttle, “Delayed Neutron Data for
Reactor-Physics Analysis,” Nucl. Sci. Eng. ~, 37 (1975).
d
Preliminary ENDF/B-V evaluation alters this to 4.40 ~ 0.12.
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D. Library for Processed ENDF/B Aggregate Fission-Product Spectra (R. J.
LaBauve, T. R. England, and D. George)

PEFPYD is a library of processed ENDF/B aggregate fission-product spectra

and yield data in an ENDF-like format. The format, structure, and contents of

the library have been described in previous progress reports.
55,56

Also de-

scribed were codes for collapsing the data in the library into coarser energy

groups and fitting the results along the cooling time (t) axis with linear com-

binations of

fc(t) =

In Ref.

(irradiation

functions of the type

57 a technique is described for applying a fitted “pulse” spectra
-4

time = 10 s) to the calculation of decay power after a finite

irradiation time. In order to check the validity of this technique, analytic

fits accurate to 0.5% were made to an n-group structure from the PEFPYD 150

fine-group structure for a
235

U thermal pulse, and beta spectra for the broad-
235

group structure were calculated for a case for which U fuel was irradiated

with thermal neutrons for 20 000 h These spectra were then compared with

those calculated directly with the CINDER-10 code for the same case.

This comparison revealed that although the approximate calculation agreed

within 3% with CINDER-10 for the sums over the energy bins of the beta-decay

to

energies for various cooling times, large differences of +31 and -77% were seen

for the low- and high-energy groups, respectively, for the shortest cooling

time (0.1 s). For cooling times greater than 100 s, the comparison was within

the expected accuracy (5%). This indicated that the normalization used for

constructing cumulative spectra, which include those fission products in ENDF/B-IV

for which spectral data are not given, was inadequate. For this normalization,

it is assumed that the fission products for which there are no spectral data

yield the same cumulative spectral shape as those 181 for which spectral data

are given in ENDF/B-IV. Spectral data for short-lived fission products are

particularly sparse in ENDF/B-IV. The suspicion that this assumption is not

adequate for generating finite spectra from pulse data was confirmed by rerunning

the problems but limiting the comparison to the 181 nuclides with spectra. The

fit to the burst for this case was made to an accuracy of 1.5%, and the individual

spectra now agreed with CINDER-10 results to within 3.0% for each cooling time.

Examples of the comparison for all fission products and for the 181 fission pro-

ducts having spectra are in Table XV.
37
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TABLE XV

20 000 h THERMAL IRRADIATION OF
235

U (% DIFFERENCE
BETWEEN CINDER-10 AND APPROXIMATE METHOD)

Cooling

~

1.0 E-01

1.0 E+OO

1.0 E+O1

1.0 E+02

1.0 E+03

1.0 E+04

1.0 E+05

1.0 E+06

1.0 E+07

1.0 E+08

1.0 E+09

Group 1.0.1-0.4 MeV

All F.P. 181 F.P.

30.7 -0.3

27.5 -0.3

19.3 -0.2

6.8 -0.1

2.0 0.3

1.0 0.7

0.7 0.6

1.5 1.6

1.5 1.5

-4.1 -4.1

0.1 0.1

Group 5,1.8-2.2 MeV

All F.P. 181 F.P.

-3.1 0.1

-3.1 0.2

-3.0 0.2

-0.6 0.6

0.3 0.4

0.6 0.4

-0.5 0.5

-0.4 -0.4

0.0 0.2

0.1 -0.4

0.0 0.0

Group 10,5.0-6,0 MeV

All F.P.

-63.4

-59.4

-50.1

- 7.1

5.5

0.2

1.3

181 F.P.

-0.5

-0.7

-1.2

3.7

1.1

1.3

0.1

Because of shown normalization difficulty, a scheme has been devised for

constructing approximate individual beta and gamma spectra for the fission

products in ENDF/B-IV having no spectral data. The beta (or gamma) spectrum for

a particular nuclide is constructed by assuming the spectrum shape of the aggre-

gate 181 nuclides from a pulse after a cooling time approximately equal to the

half-life of the nuclide in question. This shape is then normalized to the

average beta (gamma) decay energy of the nuclide. Figs. 14 and 15, respectively,
139

compare the gamma and beta spectra of Cs with those constructed for a hypotheti-

cal nuclide having the same half-life and average gamma- and beta-decay energies
as 139CS

. The nuclide
139

Cs is a relatively important nuclide in the 0.1 s cool-
235U

ing time bin for 20 000 h thermal irradiation of . However, it should be

noted that such constructed individual spectra will be used only in the aggregate.

This work is still in progress.

E. Multigroup and Few-Group Cross Sections for ENDF/B-IV Fission Products
(W. B. Wilson, T. R. England, and R. J. LaBauve)

A library of 154-group cross sections, processed with the NJOY
42

code from

the ENDF/B-IV fission product data library, was produced as an intermediate pro-

duct in the production of a four-group library for a version of the CINDER fission-
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58,59product absorption and depletion code. The TOAFEW cross-section collapsing

code, developed and used locally to produce few-group values, and the 154-group

library have been refined to facilitate their application by other users.

A file of the code and library will soon be released to the National Neu-

tron Data Center. A LASL report describing the code and library is in prepar-

ation.

F. Preliminary Examination of the Gunst, Connor, and Conway Experiments as A
Potential Benchmark for Fission-Product Absorption in Thermal Reactors
(W. B. Wilson and T. R. England)

1. Description of Experiment. The experiments of Gunst, Connor, and Con-

way constitute the most extensive measurements of fission-product absorption in
60,61

thermal reactors available. In these experiments, samples of
233U and

natural thorium were irradiated to high depletion in consecutive 3-wk

cycles in the Materials Testing Reactor (MTR) and Advanced Test Reactor (ATR).

Three-group flux histories during irradiation cycles were obtained from flux

monitors. Reactivity measurements following most of the irradiation cycles were

made on each sample in the Advanced Reactivity Measurement Facility (AR.MP-1).

The analytical model called TARMPF was used to extract fission-productabsorp-

tion parameters from the measured sample reactivities using calculated actinide

reactivity contributions and fission history. These absorption parameters were

transformed to associated parameters appropriate to the MTR for comparison with

calculated parameters specific to the irradiation facility.

The neutron-energy group structure of the irradiation flux history was de-

termined by the flux spectrum description adapted for the MTR. This descrip-

tion incorporated a thermal Maxwellian distribution at 343.2 K extending from

O to infinite energy, a l/E epithermal distribution above 0.105 eV, plus some

augmentation for fission-spectrum neutrons. Three-group microscopic absorption

and fission cross sections for actinide nuclides in the MTR group structure (O,

0.105 eV, 5.53 keV, 10 MeV) are given in Ref. 59 along with coefficients of a

density dependent exponential self-shielding treatment. Similar data are given

for microscopic absorption cross sections of moderator, structural, and fission-

product nuclei.

Reactivity measurements were conducted in the ARMF-I with samples posi-

tioned at various locations in a central water hole and in fuel elements sur-

rounding the water hole. The neutron-flux spectrum of the water hole in general

was described by a Maxwellian distribution at 299.6 K with a l/E distribution

.

.-
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added above 0.120 eV. The slightly harder neutron spectrum characteristic of

fuel element locations was described by a Maxwellian distribution at 315.6 K

with a l/E distribution added above 0.098 eV. Associated with each region of

the ARMP-I is a microscopic cross section-tabulation, similar to that for the

MTR, reflecting the different spectra and group structure (the upper limit of

the thermal group being, in each case, the lower limit of the l/E distribution).

Reactivity measurements and TARMF model calculations combined to produce
A

val”uesof the thermal fission-product absorption cro”sssection o~ and epithermal

fission-product absorption cross section ~2 for the measurement location. The

caret (A) is used to indicate units of b/fis. The epithermal value ~2 tacitly

includes all fast absorption. All values of ~3 and ~2 resulting from individual

measurements were transformed to associated values appropriate to a reference

water-hole location, and a number of measurements were conducted at a variety
A

of ARMF-I measurement positions to form a single set of fitted values of u
A 3

and

02 for the reference water-hole position for the irradiation/cooling time

history.
A

These resulting values of ~3 and o were then transformed to cross-section
2

values appropriate to the MTR spectrum. These values are the effective 2200 m/s

) the resonance integral above 0.105 eV (I), andthermal cross section (;2200 ,

an effective l-group cross section (;eff) that, when multiplied by the effective

2200 m/s flux ($2200), accurately reproduces the total fission-product absorption.
AAA A

The limitations on the resulting values of 02, 03, 02200, I, and aeff are as

follows:
s

(a)

(b)

(c)

Data used in the TARMF model calculations and transformations to the refer-
ence water-hole location did not originate from the data library used in
benchmark calculations.

Simplifying assumptions are required in the ARMP transformations and trans-
formation to the MTR.58’59

The tacit inclusion of fast absorption in ;9 complicates the one-to-one
L

correspondence of “measured” and calculated parameters.

2. LASL Calculations of the Experiment. The Electric Power Research In-

stitute (EPRI) is currently funding the Nuclear Data Group T-2 of LASL to examine

this and other experiments as potential fission-product benchmarks. The results

of one of the Gunst et al. experiments (sample 46) has been calculated using the

4-group EPRI-CINDER code and fission-product data library.
58,59

This llbrary

resulted from the collapsing of a 154-group library reflecting a light-water
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reactor flux spectrum. Simplifying assumptions were required for thefour-group

representation of the reported three-group flux history and actinide cross-section

data. (The principle assumptions are that the aggregate fission-product absorp-

tion

with

flUX

is l/v, and tne flux is l/E in the energy region of 0.105-0.625 eV.)

Additional calculations for the same sample have recently been performed

a three-group library produced by collapsing the 154-group data to the MTR

spectrum and group structure. In addition to the calculation of the reported

values with the data (3-group MTR), nuclide number densities produced in these

calculations have been combined with yet another 3-group library collapsed to

the flux spectrum and group structure of the ARMF-I reference water hole posi-

tion. The resulting calculated values of ;3 ;2, and ~ (3-group ARMF) were used

to construct the MTR values of (~2200, I, and ~eff in~much the same fashion of

that used in Ref. 59. In addition, values of 03 and 02 a~sociated with the ARMF

were extracted from the reported values of ~2200, I, and (J and compared to
eff

the corresponding calculated values.

Measured and calculated values of ~2200, I, and ;eff are compared in Tables

XVI, XVII, and XVIII, respectively. The measured and calculated values of ~3, ~2,

and ~1 are compared in Table XHO
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