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Compiled by

E. D. Arthur

ABSTRACT

This progress report describes the activities of
the Los Alamos Nuclear Data Group for April 1, 1982,
through September 30, 1982. The topical content is
summarized in the Contents.

1. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Fusion Cross Sections for Polarized Particles [G. M. Hale, D. C. Dodder, . -

and P. W. Keaton (ADPA)]

Recently, a suggestion by M. Goldhaber led R. Kulsrud and collaborators at

the Princeton Plasma Physics Laboratory to propose using polarized particles to
.

modify fusion cross sections.1 Polarizing the projectile and target changes

both the angular distribution and integral for the cross section of a fusion

reaction. Polarizing d and T so that their spins are parallel, for instance,

enhances the integrated cross section for the T(d,n) reaction by a factor of as

much as 1.5. In addition, Kulsrud’s study shows it is plausible that polarized

particles in a plasma will maintain their polarization for a relatively long

time in the presence of a strong magnetic field.

We have provided the Princeton group with cross sections for polarized d-T

and d-d reactions, calculated with the Los Alamos R-matrix code EDA. These
4calculations are based on comprehensive studies of reactions in the He and ‘He

systems, using EDA’s capability to analyze and predict data for interacting



particles in any combination of polarization states. For the case of parallel

spins in the d+T reaction, we calculate an enhancement factor for the inte-

grated cross section at low energies very close to the theoretical maximum of

1.5. The situation for the d+d reactions, where enhancements as large as a

factor of 3 are theoreticallypossible, is more complex.

Results of our calculations for the d+d reactions are summarized in Table

I. The quantity u
m,n

is the integrated cross section for the deuterons in pure

spin states, having projections m and n, respectively, along the center-of-mass

momentum direction of the incident deuteron. Because the deuterons are identi-

cal, a = u
m,n n,m’

and reflection invariance implies u = a , there are
-m,-n

only four independent combinations, (m,n) = (1,1), (1,0), (1,-~~~ and (0,0).

The unpolarized integrated cross section a. is related to the sum of the polar-

ized cross sections by

‘o = W(2a1,1 + 4a1,0 + 2a1,-1 ‘ao,o) ●

a
m,n

Table I lists the unpolarized cross sections a. and the ratios 00 for the

four independent (m,n) combinations at deuteron energies between 100 and 500

keV for both d+d reactions.

According to these calculations, the best configuration for enhancing the

cross section is (1,0) and the best one for suppressing it is (1,-1) with (1,1)

a close second. The results are moderately energy dependent and somewhat

reaction dependent, with the maximum enhancement (~ 1.6) well below the theo-

retical limit. The reason for this is that a number of transitions are im-

portant in the low energy d+d reactions, in contrast to the single ~ = 3/2+

transition that completely dominates the d+T reaction at low energies. How-

ever, the increased complexity of the d+d reactions, coupled with the relative

scarcity of reliable polarization data at low energies, makes the results of

Table I much less certain than those for the T(d,n) reaction. We are attempt-

ing to improve the reliability of the d+d predictions by including more recent

low-energy polarized d+d data in the four-nucleon analysis, but we point out

that the most directly useful measurements, involving polarized deuterons in-

cident on polarized deuterons, have not yet been done.

2
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TABLE I

POLARIZED CROSS SECTIONS FOR THE d+d REACTIONS

A. D(d,p)

Ed(kev)

100
200
300
400
500

B. D(d,n)

100
200
300
400
500

uo(mb)

16.05
33.68
45.14
53.18
59.18

ao[mb)

15.87
35.60
49.70
60.08
67.99

‘1.1

‘o

.949

.776

.672

.603

.554

‘1,1

‘o

.745

.573

.479

.421

.382

‘1,0

‘O

1.146
1.334
1.468
1.562
1.626

‘1.0

‘O

1.289
1.491
1.621
1.706
1.762

‘1.-1
ao

.672

.550

.448

.371

.320

‘1,-1

‘O

.668

.535

.436

.367

.321

‘0,0

7
1.175
1.011

.889

.803

.749

‘0,0

T_

1.020
.820
.687
.600
.546

B. Coulomb Corrections in Light Nuclei: Difference of Neutron and Proton

Analyzing Powers in Elastic N-d Scattering Between 5 and 14 MeV [G. M.

Hale and H. Zankel (University of Graz, Austria)]

We are studying the Coulomb distortion of the “nuclear” amplitudes for

light charged-particle scattering using an “on energy-”shell”approximation, in

which the scattering Green~s function is approximated as G+(E’,E) = ix6(E’-E)

in the two-potential integral equation for the transition operator. In an

earlier application of the theory to N-d scattering, we predicted n-d observ-

able from p-d phase shifts for EN = 5 MeV, and saw sizeable Coulomb effects

in some of the polarizations. Unfortunately, p-d phase shifts over a range of

energies, as required by the calculations, were not available at energies where

both p-d and n-d measurements had been made that could check the predicted

differences.

Recently, we have reported3 the same sort of correction for nucleon ana-

lyzing powers in N-d scattering that starts with n-d amplitudes calculated from

the Fadeev equations. These can be calculated at any energy, and we have given

3



results at En = 5, 10, and 14 MeV.

ments for nucleon analyzing powers

Figure 1 shows the calculations and measure-

at 10 MeV.

curve) does not quite reproduce the magnitude

seen in recent measurements5 (circles),but the

the neutron datas and proton data6 (triangles)

The Fadeev calculation (dashed

of the neutron analyzing power

qualitative differences between

are well reproduced by the cal- S

culated proton curve (solid line). This indicates that the differences seen in

observable for the charge-symmetric branches of N-d scattering can be ac- b

counted for by this approximate Coulomb correction.

0.2

0.15

6’

01

1 I I 1 I o I I I I 1 I I I I 1 I
I

E~=lOMeV 1

Oc~. .

Fig. 1. Measurements and calculations of N-d analyzing powers. The
dashed curve is the (neutron) Fadeev calculation of Ref. 4; the solid
curve is the Coulomb-cor ected proton prediction.

5
The cir$les rep~e-

sent recent neutron data and the triangles represent proton data.

4
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c. Charged-ParticleElastic Cross Sections [G. M. Hale, D. C. Dodder, J. c.. .... .

been

Data

DeVeaux (University of Illinois)]

Our work on charged-particle elastic cross sections, some of which has

described previously,’ was re”portedat the Antwerp Conference on Nuclear

for Science and Technology.8 A main point of the paper was that, if the

Rutherford, or “pure Coulomb,” cross section is subtracted from the elastic

scattering cross section, the remainder, aN1(p),

Legendre polynomials,

‘N1(p) = - fiRe

.

has an exact expansion in

2E4nx
+ ~ 2Q+1

—bgP#) ,
9=0 2

in which p is the cosine of the center-of-mass scattering angle, q is the

Coulomb parameter, and ~m is the highest partial wave that participates in the

nuclear scattering. The complex expanaion coefficients ag and real coeffi-

cients bg are energy dependent and are interrelated in complicated ways that

can only be imposed by a unitary parameterization of the collision matrix (such

as the R-matrix or phase shifts).

Examples of these coefficients calculated from R-matrix parameters are

shown in Figs. 2 and 3 for d-T scattering at energies below 5 MeV. The promi-

nent d-T S-wave resonance is clearly evident as structure in the a
o
and b co-

0
efficient at energies between 150 and 250 keV. The large values of a. and b.

at low energies produce significant deviations from pure Rutherford scattering

at energies below the lowest energy cross-sectionmeasurements.

We are exploring ways of incorporating the exact polynomial expansion for

‘NI
into the treatment of the slowing-down of ions in a plasma through elastic

collisions at small-to-moderate angles. These treatments currently take into

account only the effects of Rutherford scattering.

D. Cross-Section Calculations for n+169Tm [P. G. Young, E. D. Arthur, and .

C. Philis (Bruy6res-le-Ch&tel)l -

We have carried out a final adjustment of our deformed optical-model anal-

ysisg of n+169Tm reactions using recent measurements of elastic
169neutron scattering from Tm by Haouat and Patin.* Before these

the only
169 -

Tm data available for our analysis

..

*G. Haouat and Y. Patin, Bruy&res-le-Ch&tel,
information in June 1982.

were s- and p-wave

Montrouge, France,

and inelastic

measurements,

provided this
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0.0

Significant

i.o 20 3.0

E(MeV)

b~ coefficients for-d-T scattering at

4.0

energies

500

below 5 MeV.

b

*



!s

Q
WI

Fig. 3.
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neutron strengths (S.,S1), potential scattering radii (R’), and neutron total

(nyy) a~&(n~~) cross sections. We therefore relied on the neighboring

nucleus Ho for angular distribution data10 in our previous analysis.

As before, the coupled-channel code ECIS1l was used for the deformed op-

tical-model calculations. The first five states of
169

Tm were coupled in the lb

calculations, but it was possible over most of the neutron energy range to ap-

proximate this case using fictitious 0+, 2+, 4+ states according to the scheme
*

of Lagrange, Bersillon, and Madland12 (see Table II). We empirically verified

that the approximate calculations reproduced the more precise five-state ones

to better than - 1%, except near thresholds for the (n,n’) cross sections.

Beginning with parameters from our previous iteration,g the real and sur-

face-derivative imaginary well depths, diffusivities, and radii were varied in

a nonautomated scan of the parameter space. The ~2 and f34deformation param-

eters were held fixed at their values from our previous analysis. Values of

X2 were computed relative to Haouat and Patin’s neutron elastic angular distri-

bution measurements at 0.57, 1.1, and 2.0 MeV. The measured distributions were

corrected for compound nucleus contributions and the unresolved 8.4 keV first

excited state of 169
Tm using parameters from our previous analysis. At the

same time that a minimum X2 relative to the elastic angular distributions was

sought, we attempted to improve agreement with measurements of So, S1, and R’

for low neutron energies and to maintain good agreement with measurements of

the neutron total cross section. (Values of So and S1 were inferred from the

neutron transmission coefficients calculated with ECIS at 10 keV.)

The parameters that resulted from this analysis are listed in Table III.

Comparisons between Haouat and Patin’s experiment and angular distributions

calculated with parameters from both the previous and present analyses are

given in Figs. 4-6. Compound nucleus contributions for the ’varioustheoretical

curves were calculated from the two parameter sets using the COMNUC reaction

theory code.
13

Although not apparent from Figs. 4-6, the new analysis resulted in a small

reduction for X2 from the elastic angular distribution measurements. Perhaps

more significantly, the new parameters improved overall agreement in calculated ●

‘alues ‘f ‘o’ ‘1’
and R’ with experiment, particularly S1, as is indicated in

Table IV. Additionally, the new parameters led to improved calculations of ●

(n,2n) and (n,3n) cross sections near the thresholds for these reactions, which

are shown in Figs. 7 and 8. [The (n,xn) calculations were performed with the

8



GNASH statistical-preequilibriumtheory code,14 as described in Ref. 9]. Final-

ly, the new parameters result in calculated total and (n,y) cross sections that

agree with experiment roughly as well as the previous analysis, and these com-

a
parisons are shown in Figs. 9 and 10.

The statistical, preequilibrium, and deformed optical-model parameters

●
from this analysis will be used to calculate a variety of reaction cross sec-

tions for thulium isotopes having A = 167-170.

TABLE II

STATES INCLUDED IN THE COUPLED-CHANNEL CALCULATIONS

169Tm

169Tm (Fictitious States)

Ex f Ex f

Q!?!Q . m —

o 1/2+

8.4 3/2+

118.2 5/2+

138.9

331.9

7/2+

9/2+

o

72

240

0+

2+

4+

TABLE III

DEFORMED OPTICAL-MODEL PARAMETERS FOR n+
169tia

r a

v = 47.0 - 0.26E 1.29 0.60

‘VOL
= -1.8 + 0.2E E>9MeV 1.29 0.60

‘so
= 6.o 1.29 0.60

‘SD =2.5 +0.6E E < 7.5MeV 1.29 0.48

=7.0 - 0.03(E-7.5) E 2 7.5 MeV 1.29 0.48

P2 = 0.31 i34 = -0.01

aAll well depths are in MeV and geometrical parameters in fm.

9



TABLE IV

SUMMARY OF .+169T. SO, S1, AND R’ RESULTS

Exp Previous Present

‘o
1.5 *002 1.65 1.50

(x 104)

‘1 0.5 - 1.5a 3.60 2.15

(x 104)

R’ (fro) 7.7 * 0.5 7.55 6.97

aFrom *’@tematics.

I I I 1 I I 1 1 I I I I I 1 I I I

1.0–

%J
\ 0.1-

g

ev

i

i f
Qol-

512++712+
~ i *.—— --- ___

— --- 7

0.016I I I I I I I I I 1 I 1 I I I
30

I
60

I
90 120 150 18b ●

6“ (deg)

Fig. 4. Comparison of c~}$ulated and measureda neutron angular distributions
with several states in Tm at an incident neutron energy of 0.57 MeV. The

●

solid curve represents results from the present analysis; the dashed curve
indicates the analysis of Ref. 9.

aG. Haouat and Y. Patin, Bruy&es-le-Ch&el, Montrouge, France, provided this
information in June 1982.
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I
I.0

0. I

•1

b
0.

[ i

, -11 5/2+ + 7/2+

H

-.

1-
.
-r

0.1 - NEXT 6 HIGHER STATES

_ I 1++---- —
w

-— --- -

I ~?? I

0.016 I 1 I I 1
30

I 1 1
60

I I I I 1 1 I I 1
90 120 1s0 180

@c(deg)

Fig. 5. Comparison of calculated and
measureda neutron angular dis
tions with several states in !~4:-at

an incident neutron energy of 1.10 MeV.
The solid curve represents results
from the present analysis; the dashed
curve indicates the analysis of Ref. 9.

Fig. 6. Comparison of calculated and
measureda neutron angular dis

!Ea:-attions with several states in
an incident neutron energy of 2.00 MeV.
The solid curve represents results
from the present analysis; the dashed
curve indicates the analysis of Ref. 9.

[“’’’’’’’’’’’’’”1’

1.0-

0.1 -

>

NEXT 6 HIGHER STATES
T

---

~h~ q

0.01 -

J“A’’AI’ A’’,lL” IJ”IJ
@c(deg)

aG. Haouat and Y. Patin, Bruy&es-le-Ch&tel, Montrouge, France, provided this
information in June 1982.

,
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TM–169(N~N)TM–168 CROSS SECTION
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VEESER, 1977*
BAYHURST, 1975a
FREHAUT, 1980a /

k 1 1 1 I 1 1

I I I I
r.5 10.0 125 15.0 17.!5 20.0 22.5

Fig. 7. Calculated and meas-
ured values of the 169Tm(n,2n)
cross section. The solid and
dashed curves represent calcu-
lations from the present anal-

W

ysis and from Ref. 9, respec-
tively. &

i.O

NEUTRON ENERGY (MEW ~-
TM–169(N,3N)TM–16’7CROSS SECTION

Fig. 8. Calculated and meas- Zq
ured values of the 16gTm(n,3n) ~ -I
cross section. The solid and & t
dashed curves represent calcu- gq
lations from the present anal- Ul-
ysis and from Ref. 9, respec-
ti.vely. g: .

u

%
d

g

8I

BAYHURST, 1975*
VEESER, 1977a

,

,’
.’
.’
?’
:
.’
,’
.’
?’
?’
:
?’

G 1 t I I 1 I I

I I I I 1 I

7.5 10.0 125 15.0 r7.s ~.o =

NEUTRON ENERGy (MEW

aThis information was provided on tape from the National Nuclear Data Center,
Brookhaven Natfonal Laboratory, Upton, New York, in JUIY 19B1o
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N + TM–169 TOTAL CROSS SECTION
o
d

I I I I I I I I 1

=

:
z
o
E
c)
la~. .
U2

UJ

8
$ ~- -

q
+ I I

I

I I I I I
0.0 I

2!5
I

5.0
1

7.!5
I I I10.0 E.!5 1!5.0 17.!5 20.0

“.
‘.

x FOSTER,1971a

.

------------

1‘., I I I I I I I I I I 1 I I I I I I I I I I I 1 1 I 1 f

r*’U I

G:o-. I I I I I 1 I I 1 I
I u I 1 I I 1 1

I I 1 I I I I I 1 I I I I I I
‘ -2

1 I I I 1 1 I 1 I I I I I I 8 1 1

NEfTRON ENERGY (&”)

Fig. 9. Calculated and measured values of the neutron total cross section
for 169Tm. The solid and dashed curves represent calculations from the
present analysis and from Ref. 9, respectively.

aThis information was provided on tape from the National Nuclear Data Center,
Brookhaven National Laboratory, Upton, New York, in 1981,



TM–169(N,GAMMA) CROSS SECTION
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x SPIRAMACHANDRA, 197CF-

E

z
o
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10-3 lb-’ 10-1 10°
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NEUTRON ENERGY (MEV)

Fig. 10. Calculated and measured values of the 169
Tm(n,y) cross section.

The solid and dashed curves represent calculations from the present
analysis and from Ref. 9, respectively.

aThis information was provided on tape from the National Nuclear Data Center,
Brookhaven National Laboratory, Upton, New York, in July 1981.

E. New Calculations of 88Y(n,2n) Cross Sections from Threshold to 20 MeV

(E. D. Arthur) . . . ... ...-

In the period since our original 1978 yttrium and zirconium cross-+ection
15calculations, pertinent discrete level information in the mass 90 has im-

87Yproved substantially, particularly for . In this case, the amount of in-

formation has almost doubled, a situation that affects not only the explicit

discrete level parameters (Ex, J, X) appearing in nuclear model calculations

but also the level densities used. This occurs since constant temperature pa-

rameters in the level density expression are adjusted to reproduce the cumula-

tive number of levels at a given excitation energy. Figure 11 illustrates the

14



difference between the level density used in the present recalculation (dashed

line) and that originally used in 1978 (dotted curve). The histogram repre-

sents the cumulative number of levels versus excitation energy resulting from

the new level information.

With these new
87Y levels

9 Hauser-Feshbach preequilibrium calculations

were repeated keeping the other parameter types (optical-model, gamma-ray

strengths, preequilibrium constants, and discrete level data for other nuclei)

fixed at their original 1978 values. To be consistent with these improvements,

however, these other parameter classes should be reviewed and updated, and a

86-9% set should be made.complete recalculation of the entire This first at-

tempt, as described here, is probably reasonable, except for possible weaknes-
87Yses that depend on other discret’elevel information. But, because the

level information underwent substantial improvements and because of the impor-

tance of this nucleus in these types of calculations, this effort should im-

prove significantly the original cross-section set.

<

0.0 Lo 20 30 4.0

excitation energy (MeV)

Fig. 11. The cumulative number of discrete levels for
87
Y used in these re-

calculations is shown by the histogram. The dashed curve indicates the fit
obtained through use of a constant temperature level density expression,
whereas the dotted curve indicates similar results from our earlier work.
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Figure 12 compares our recalculated values (solid curve) of the 88
Y(n,2n)

87
Y cross section with data* measured at Lawrence Livermore Laboratory for

neutron energies of 14.2 and 14.8 MeV. The agreement is much improved with

respect to this data, as is seen from comparison with our earlier calculations

(dashed curve).

Since
88
Y can also be produced through the

89
Y(n,2n) reaction in one of

its two isomeric states, similar recalculations have been made for them.

Around 14 MeV, these recalculated cross sections for 88m1Y and 88m2Y(n,2n)

reactions are 4 and 25% higher, respectively. From 8gY(n,2n) cross-section

information at LIAMeV,~ approximately 73% of 88Y is produced in its ground

state, 12% in its first metastable state, and 15% in its second isomeric state.

If these productions are folded with changes in the calculated 88Y(n,2n) cross
87sections described here, then the average overall increase in Y production

would be about 11% higher than would be obtained with our previous cross sec-

&o 6.0 ti
neut%n energy (M;fi

tions.

2

LO

Fig. 12. The recalculated 88Y(n,2n) cross section (solid curve) is com-
pared with experimental data. Thq dashed curve represents the 1978 values.

*D. Nethaway, Lawrence Livermore National Laboratory, provided this information
in 1981.
MDO Barr, Los Alamos National Laboratory, provided this information in 1978.
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F. Determination of “Equivalent” Spherical Optical-Model Parameters for

Neutron Reactions on Thulium Isotopes [M. Collin (Bruy&res-le-Ch~tel)

and E. D. Arthur]

As part of the calculation of neutron cross sections for thulium isotopes,

we have developed a set of spherical optical-model parameters that reproduce

results available from coupled-channel calculations using realistic optical-

model parameters. The coupled-channel calculations performed using the ECIS

code16 are described in this progress report and reproduce well measured total

cross sections, s- and p-wave strengths, plus new elastic and inelastic angular

distributions recently measured at Bruy&es-le-Ch&tel.* The deformed nature of

the thulium isotopes makes determination of spherical parameters difficult, but

we have attempted to minimize such difficulties through use of the shape-

elastic and compound nucleus.formation cross sections, along with J?= O and Q =

1 transmission coefficients obtained from the coupled-channel calculations.

These data.were then used in the spherical optical-model search code, SCATOPT,*

to produce a set of spherical optical parameters through a chi-square minimiza-

tion process.

Although it was possible to fit the provided shape-elastic and compound

nucleus formation cross-section values relatively easily, the introduction of

the coupled-channel transmission coefficients into the search procedure compli-

cated the search somewhat.. There was a tendency for trial sets of spherical

optical-model parameters to overpredict the 2 = O and 2 = 1 transmission coeffi-

cients, while reproducing reasonably well the total compound nucleus formation

cross section. This implies a general underprediction of higher order Q trans-

mission coefficients relative to the coupled-channel case. To circumvent this,

the weighting on the lower order 9 transmission coefficients was reduced, re-

sulting in the determination of the spherical optical parameters mainly thtough

the influence of the compound nucleus formation cross sections. The resulting

parameter set appears in Table V. To check the overall effect of transmission

coefficients generated using these spherical optical parameters, we repeated

two 169Tm(n,2n) calculations, one at 9 MeV and the other at 14 MeV. The com-

pound nucleus formation cross section calculated with these parameters agreed

to within +1.8% and -0.3% of the coupled-channel results at these two energies.

*G. Haouat and Y. Patin Bruy&res-le-Ctitel, Montrouge, France, provided this
information in June 1982.
*O. Bersillon, Bruy&es-le-Ch&tel, Montrouge, France, provided this informa-
tion in 1979.
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For the (n,2n) cross section, the equivalent agreement was +6% at 9 MeV and

-0.1% at.14 MeV. This information, along with the quality of fits obtained in

the spherical optical-model calculations, indicates that these parameters

should reproduce the input coupled-charnel results to within 5-10% over the
*

energy range between 5 keV and 20 MeV.

.

TABLE V

“EQUIVALENT” SPHERICAL OPTICAL PARAMETERS FOR n+
169Tma

r a

v = 64.95 - 0.1125E 1.189 0.441

‘SD =9.513 - 0.0518E 1.235 0.635

w = -1. +0.176E 1.189 0.441
Vol

‘so ‘7”
1.26 0.66

aAll well depths are in MeV; geometrical parameters are in fermis.

G. Addition of a Fissioh Model to the GNASH Code (E. D. Arthur)

A multihumped fission model has been added to the GNASH preequilibrium

Hauser-Feshbach statistical model code. This model uses uncoupled oscillators

to represent the barriers in a manhet similar to that described recently
17

for

our improved COMNUC program. For GNASH, however, one has the choice of a

double-humped representation or, if desired, a three-barrier representation

consisting of two standard barriers plus one in parallel with the outer barrier.

In this case the total fission transmission coefficient is determined according

to

‘A
* (TB + TB,)

?
‘F ‘TA+TB+TB,

(1)

w

‘here‘A$ ‘B$ and ‘B’ are fission transmission coefficients for bartiers A, B,

and the parallel outer one, B’. These are described in further detail inRef. s

17.

Several features have also been added. The first of these is a subroutine

to automatically calculate a spectrum of fission transition states from given

18
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bandhead information. Secondly, the level density parameters at each barrier

are automatically adjusted to reproduce the cumulative number of such transi-

tion states computed, as just described. A third feature is the ability to

input directly an initial compound nucleus spin distribution. This allows one

to compute fission probabilities to compare with direct-reactionmeasurements.

In order to check certain elements of the code, particularly the integra-

tion required in the determination of fission transmission coefficients, we

compared the GNASH calculations with results from the COMNUC code for n+
235U

reactions below 10 MeV. This problem utilized a single-humped fission barrier

description, a simplified spectrum of transition states, no level-density en-

hancements, and no preequilibrium corrections. This comparison uncovered sev-

eral inadequacies in both codes, the principal one of which was a breakdown of

the gamma-ray cascade approximation in COMNUC for this particular sample prob-

lem. Initially, a large value of 2n<ry>/~> was used to normalize gamma-ray

transmission coefficients for the 235U compound nucleus. In COMNUC this led to

an erroneously large correction for (y,x) processes that represent gamma decay

followed by particle emission or fission. For the final comparison problem,

this was remedied through use of a much smaller 2x<ry>/~> value, which led to

negligible contribution from (y,x) processes. This comparison also led to an

expansion in GNASH of the number of energy integration bins that can be sub-

divided to improve calculational accuracies around threshold. This option can

now be applied to the upper five continuum energy bins rather than the first

two as existed previously.

Results from the n+
235

U comparison problem indicated differences in cal-

culated (n,n’), (n,2n), (n,f) and (n,n’f) cross sections to be less than 3% be-

tween the two codes. Since this is approximately the accuracy obtainable using

various integration parameterizations, the GNASH fission additions appear to be

operating properly. The code is now ready to be applied to the calculation of

actinide cross sections at higher energies where multiparticle emissions occur

and preequilibrium effects are important.

H. An Improved Method for Use of Measured Fission Probabilities in Neutron

Fission Cross-Section Determination (E. D. Arthur)

Fission probabilities (Pf), measured through direct-reaction excitation of

compound nuclei that then fission, have provided valuable information concern-

ing fission barrier parameters for a variety of actinide nuclei. Additionally,

19



fission probability measurements offer the potential to determine fission cross

sections for neutron reactions on unstable nuclei that cannot generally be
18,19

measured because of their short half-lives. Some efforts have been made

to deduce equivalent (n,f) cross sections from such data, but these have ne- w

glected differences in compound nucleus spin distributionspopulated in direct

reactions and those from neutron absorption, particularly involving low-energy
●

neutrons. Such equivalent (n,f) cross Sections were obtained generally through

multiplication of a measured fission probability by a compound nucleus forma-

tion cross sectidti,usually asstied to be constant.

We are interested in this problem for several reasons. First, we would

like to use available Pf data to deduce reasonably accurate fission cross sec-

tions for neutron reactions on unstable nuclei. Doing this through use of

barrier parameters deduced from systematic trends that are then used in nuclear

model calculations can lead to large uncertainties. This occurs because of

the extreme sensitivity of calculated (n,f) cross sections to small changes in

barrier parameters. However, to use such PI data to predict unstable nuclei

(n,f) cross sections with confidence, one must account for the compound nucleus

spin distribution differtuicesthat occur between these two reaction types.
20,21

With regard to barrier parameters extracted previously from such Pf

measurements, be have found some difficulty in using them directly, either in a

predictive sense or for an accurat d,reproductionof measured (n,f) data. This

results from the fact that extraction of such barrier parameters is dependent

upon the details of the models used, particularly with regard to the interplay

between barrier parameters and transition state spectra and density enhance-

ments. Again, analysis of Pf data using the fission models embodied in the

COMNUC and GNASH codes could lead to barrier parameters readily applicable to

cross-sectionprediction or calculation. As a further extension of such analy-

ses, one could hope that the extraction of barrier parameters in this reamer

would provide a basis to confidently apply them to fit higher energy neutron-

induced fission cross sections, which involve multichance fission [(n,n’f),

(n,2nf), etc.], where again the relevant target system is often unstable. ●

Although such parameters might require further adjustment to “fine tune” them

to reproduce the neutron data more accurately, having them as a starting basis s

would reduce the number of free parafietersavailable for adjustment in such

calculations.
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As a ❑ eans of investigating possible spin differences occurring in com-

pound nuclei populated in direct reactions and neutron absorption, we have

compared fission probabilities measured explicitly in direct-reaction measure-

ments with those inferred from neutron cross-section data. Results for four

compound nuclei appear in Fig. 13, where the points are experimentally measured

Pf values.
20,21

The solid curves are the equivalent fission probabilities

determined from neutron data by taking the ratio of measured (n,f) cross sec-

tions to reaction cross sections determined from coupled-channel calculations22

that employ realistic deformed optical parameters. This comparison shows a
239U 243general agreement for compound systems ( , l%] in which the fission

probabilities are small at low equivalent neutron energies. For so-called
236U 240fissile nuclei ( , Pu), which have large low-energy fission probabili-

ties, there is significant disagreement occurring at low energies. The accu-

racy of the direct-reaction Pf measurements is estimated to be” about 10%.

Because (n)f) cross section data are as well or better known, and because we

have confidence in the reaction cross sections predicted from the coupled-

channel calculations, we attribute the differences to a sensitivity of Pf to

the compound nucleus spin distributions populated through these two reaction

mechanisms.

The spin distribution difference appears explicitly in Fig. 14, where the

compound nucleus spins populated in the interaction of 0.1 MeV neutrons on

239Pu are compared with those deduced from DWBA calculations* for the 15-MeV

238Pu(t,pf)
240

Pu direct reaction. Such low-energy neutrons, which are princi-

pally s- and p-wave, incident on the low target spin (1/2) 239Pu nucleus,

produce mainly low J-valued compound nucleus spin states. The equivalent dis-

tribution from the DWBA calculations has no such restrictions. It does, how-

ever, have the restriction that only natural parity states are excited, because

the calculations were performed under the assumption that two neutrons are

transferred in a relative s-motion.

Our next step was to employ such calculated DWBA spin distributions in a
240calculation of the fission probability for the Pu compound system resulting

from the 238Pu(t,pf)240Pu direct reaction. The barrier parameters we used were

those we had extracted previously from the analysis of 239
Pu(n,f) data between

0.001 and 5 MeV. These parameters produce

tially agree with the solid curve shown for

*H. C. Britt, Los Alamos National Laboratory,

fission probabilities that essen-
the 240

Pu compound system. (Note

provided this information in 1982.
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Fig. 13. Fission probabilities resulting from direct-reactionmeasure-
ments (points) and as deduced from neutron cross-section data (solid
curves).
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Fig. 14. The difference in compound nucleus spin distributions populated
in the 240Pu compound nucleus. The solid curve results from optical-
model calculations of 0,1-lfeVn#39Pu absorption, where~~Othe dashed

curve results from DWBA calculations of the 23%u(t,pf) Pu reaction.
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that this approach is essentially backwards from the one that we would normally

assume in the use of such Pf data. We chose it because of the availability of

barrier parameters that reproduce (n,f) cross sections in our calculations.)

Figure 15 shows the results when the DWBA (t,pf) spin distribution was

used with these parameters. Again, the solid curve represents the fission

probability deduced from neutron data. The fission probability (dashed curve)

obtained from the neutron data under this spin “transformation”now agrees with

the measured20 direct-reaction Pf values (squares). Similar success was.ob-

tained for the case of the 236
U compound system.

Since this approach was essentially backward to the one we wished to use,

we have deduced barrier parameters from direct-reaction P
242

f information for the

Pu compound system, employing the appropriate direct-reaction-induced com-

pound nucleus spin distribution. When “translated” to the equivalent neutron

reaction case through use of spin distributions obtained from neutron optical

model calculations, the predicted (n,f) cross sections agreed well (- 5-10%)

with available experimental data for
241

Pu(n,f).

“>

, 1 1 1 1

b4 as 8.8 7.0 7.s 7.4

excitationenergy (MeV)-
.s

Fig. 15. Fission probabilities for the 240Pu compound nucleus. When barrier
parameters deduced from COMNUC calculations that-reproduce n+2sgPu fission
cross sections (and hence the Pf given by the solid curve) are used with spin
distributions calculated for (t,pf) direct reactions, the dashed calculated
curve results. These calculated results are in essential agreement with the
Pf data (squares) measured using direct reactions.
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We therefore believe that if reliable Pf data exist from direct-reactionmeas-

urements, this technique provides a method to accurately exploit them in the

analysis and determination of neutron-induced fission cross sections.

Use of Fission Probability Data in the Calculation of n+237U Fission CrossI.
v

Sections (E. D. Arthur)
w

The technique, as described in the previous section$ of using measured

direct-reaction fission probability (Pf) data to deduce (n,f) cross sections

has been applied to the case of neutron reactions on the unstable
237

U target

nucleus. In this technique, fission barrier parameters are deduced from fits to

Pf data using the COMNUC code in which direct-reaction spin populations were

utilized for the initial compound system. Neutron fission cross sections are

then determined through a “translation” to the incident neutron system through

use of the compound nucleus spin distributions obtained from neutron optical-

model calculations.

Application of these techniques to the
238

U compound system is attractive

for several reasons. First, the ground-state spin of
237

U is low (1/2) so that

low-energy neutron absorption populates only a few compound nucleus spin states

in contrast to the situation with direct reactions. Secondly, there are numer-
ous 236

U(t,pf)238U data19’20 available that span low excitation energies in the
238

U compound system;whereas, at higher excitations, there are Pf data avail-
238 23able from the U(y,f) reaction. Finally, this compound system has been the

24subject of some study because of evidence for the existence of a second

parallel outer fission barrier.

We have performed fits to 2%(t,pf)238 U fission probability data using

the calculated (t,pf) spin distribution (described earlier) in conjunction with

the COMNUC Hauser-Feshbach statistical model code. The code was further up-

graded to include a three-barrier representationanalogous to that necessary to

fit similar data, as described in Ref. 24. Figure 16 shows the calculated

probability for direct-reaction fission (solid curve) compared with the Pf data
238cited earlier. Table VI summarizes the U barrier parameters deduced from

this fit. The dashed curve is the equivalent neutron fission probability ob- &

tained when the barrier parameters used to generate the solid curve are used

with compound nucleus spin distributions obtained from neutron optical-model s

calculations. The difference between the solid and dashed curve again illus-

trates the impact of the compound nucleus spin distribution assumed in such

calculations.
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Fig. 16. Calculated (solid curve) and measured (circles, triangles, and
squares) fission probabilities for the 238U compound system from (t,pf)
and (y,n) reactions. The dashed curve illustrates the analogous P= de-
duced-for incident

BARRIER

neutrons, as described

TABLE VI

PARAMETERS
SYSTEM FROM

Height (MeV)

Barrier A 5.60

Barrier B 5.50

Barrier B’
b

5.6

DEDUCED FOR
TEE PRESENT

in the text.
L

THE 238U COMPOUND
ANALYSIS

Curvature (MeV)

1.15

0.85

0.85

.

Density Enhancementa
Factor

2.5

2.0

2.5

aTo compute an overall level density enhancement, this factor is multi-—
%plied byU for excitation energies (U) 2 1.

b
B’ is the third barrier, assumed to be parallel to the outer one, B.

25



Figure 17 compares our calculation with experimental data that exists for

the237U(n,f) reaction25 (open squares) as well as cross sections (solid cir-

cles) inferred from systematic.* Also shown by the dashed curve is an earlier
26calculation by Gardner, which, in the region from 0.5-2 MeV, reproduces the

237
v

inferred U(n,f) cross sections given by Cramer19 without allowance for com-

pound nucleus spin distribution effecx. b

*J. Behrens, National Bureau of Standards, Washington, D.C., provided this in-

formation in 1982.
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Fig. 17. Our present calculations (solid curve) for the 237U(n,f) cross
sections are compared with experimental data (squares) and cross sec-
tions deduced from data systematic (ci~gles). The dashed curve results
from an earlier calculation by Gardner.
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the

If the unstable
237

U nucleus is produced by

exist in two isomeric states in addition to

5/2+ and 7/2- states at 0.16 and 0.274 MeV.
n..

‘3%(n,2nj ions, then it

the ground state. These are

Figure 18 compares the cal-

culated ‘3’U(n,f) cross sections for these two target states (dashed and dotted

curves, respectively) with that calculated for the ground-state target case. For

both excited target-state calculations, the higher spins of these isomeric

levels (5/2 and 7/2) shift the compound nucleus spin distribution to higher fl

values at lower incident neutron energies. The partial fission widths have

their maximum values occurring for such higher spins because of the transition-

state spectra employed, so that this situation increases the relative fission

probability for such excited-state targets. At higher incident energies, this

advantage begins to disappear because of increased inelastic-scatteringcompe-

tition,

Fig. 18. Calculated fission cross sections for ‘5’U in three target
states. The solid curve is for the round-state case, whereas the
dashed and dotted curves apply to !23 u in its 0.16- and 0.274-MeV

excited isomeric states, respectively.
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J. Coupled-CharnelOptical-Model Calculations for Evaluating Neutron Cross

Sections of Odd-Mass Actinides [D. G. Madland, Ch. Lagrange andO.

Bersillon (Bruy&es-le-Ctitel)].—.
As coupled-channel calculations are very time consuming when applied to

.
odd-mass target nuclei using the actual level schemes, the adequacy of the

●

following approximation has been studied.

Coupled-channel calculations
●

are performed for a fictitious even-even

nucleus with the same mass number as the odd-mass target of interest. The

ground-band excitation energies of the fictitious nucleus are determined using

the moment of inertia and single particle energy extracted from the ground-band

level structure of the actual nucleus. Quadruple and hexadecapole deformation

parameters are obtained from a theoretically based systematic available in the

actinide mass region, and the coupled-channeloptical-modelparameters used are

extrapolated from those determined for the neighboring even-even nuclei. Di-

rect elastic- and inelastic-scatteringcross sections resulting from the calcu-

lations are distributed among the true ground-band levels by use of the appro-

priate Wigner coefficients. Calculations have been performed with a fixed set

of optical-model parameters, but using either the actual or the fictitious

level scheme, for ground-state bands of K = 1/2(239Pu) and K= 5/2(241Pu). A

comparison of our results shows that the

great confidence over the energy region 10

In the case of K = 5/2, the approximation

limited energy range 4-20 MeV.

approximation can be applied with

keV-20 MeV in the case of K = 1/2.

gives satisfactory results over the

This work is described in detail in a manuscript that has been accepted

for publication in Nuclear Science and Engineering.27

K. Calculation of Excited-State Cross Sections for Actinide Nuclei (D. G.

Madland)

The code JUPKST for perforiuing

clei existing in excited states is

elastic, direct inelastic, reaction,

coupled-charnelcalculations on target nu-

essentially complete. The total, shape-

and compound nucleus formation cross sec-

tions are calculated for projectiles of spin O or 1/2 incident on targets of B

even or odd A that exhibit collective rotational behavior. The target can

exist either in its ground state or in a low-lying member of the ground-state ●

rotational band.

Particular emphasis has been placed on the calculation of coupled-channel

transmission coefficients for use in Hauser-Feshbach calculations of compound
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nucleus reactions. The generalized coupled-channel transmission coefficient

depends upon eight quantum numbers and is written T(J,Il;n,~,j;n’,Q’,j‘), where

J and IIare the total angular momentum and parity, respectively, and (n,Q,j),

(n’,2’,j‘) label the coupled state, the projectile orbital angular momentum,

and the projectile total angular momentum, in entrance (unprimed) and exit

(primed) channels, respectively. The code JUPX8T calculates and outputs the

following transmission coefficient sets derived from. the most general set:

1. T(J,ll,n,9,j),by summing over exit channels.

2. T(J,ll,l,2,j)s T(J,ll,Jl,j),corresponding to the physical state of the

target nucleus, be it the ground state or an excited state.

3. T(J,+,l,!?,j)s T(J,+,2,j), the positive parity subset of (2).

4. T(J,-,l,~,j)s T(J,-,2,j), the negative parity subset of (2).

5. T(lT,Q,j),by compacting the set (2) according to the prescription

X(2J + l)T(J,ll,2,j)

T(ll,9,j)=
J

Z(2J + 1) “ ‘“
J

6. T(+,2,j), the positive parity subset of (5).

7. T(-,ll,j),the negative parity subset of (5).

8. T(H,9), by averaging the set (5) over the projectile total angular

momentum

T(IT,2)=

2(2j + l)T(H,2,j)
.

.. . .
Z(2j + 1)

Note that in all of the transmission coefficient sets, the

where Ilnis the parity of the nth target state. Thus, for

states, one need not carry the index IT.

parity n = nn(-lj~,

even parity target

In order to convey the dimensions of the various transmission coefficient

sets and the effects of compacting and averaging, we summarize an example in

Table VII for the scattering of 15-MeV neutrons by 239I% in the ground state

and in the first excited state. In this example the first five members of the

ground band (1/2+,3/2+, 5/2+, 7}2+,9/2+) are coupled and the value of ~max for

the incident neutron is 17.
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The transmission coefficient sets (l)-(8) are presently being calculated

on incident neutron energy meshes of interest for
235U

9 238U, and 239Pu.

TABLE VII

EXAMPLE OF DIMENSIONS OF TRANSMISSION COE~JCIENT SETS FROM JUPXST
FOR TNE SCATTERING OF 15-MEV NEUTRONS BY PU IN TEE GROUND STATE

AND IN THE FIRST EXCITED STATEa

Number
(Ground-State

Set T Scattering)— ..

1 T(J,~,Q,fl,j) 930

2 T(J,II,Q,j) 70

3 T(J,+,2,j) 34

4 T(J,-,2,j) 36

5 T(ll,9,j) 35

6 T(+,~,j) 17

7 T(-,2,j) 18

8 T(II,2) 18

aFive coupled states, ~max = 17; see text.

Number
(lst Excited-State

Scattering)

950

136

66

70

35

17

18

18

?

L. Calculation of the Prompt Neutron Spectrum and Average Prompt Neutron

Multiplicity for the Spontaneous Fission of 252cf [D. G. Madland and

J. R. Nix (T-9)]

On the basis of new developments28 in the theory af the prompt fission

neutron spectrum N(E) and average prompt neutron multiplicity $P, we calculate

these quantities for the spontaneous fission of 252cf. We study this particu-

lar reaction because it is used as a standard in many measurements and applica-

tions of neutron physics. The new developments are based upon conventional

nuclear-evaporationtheory and account for the effects of (1) the motion of the

fission fragments, (2) the distribution of fission-fragment residual nuclear

temperature, and (3) the energy dependence of the cross section for the inverse
●

process of compound-nucleus formation.

Aa an approximation to the result of Terrell,29 we take the residual nu-
*

clear-temperature distribution to be triangular in shape, extending linearlY

from zero to a maximum value Tm. For some of our purposes, we calculate the

compound-nucleus cross section from the optical model, whereas in other cases

30



we use a constant cross section and readjust the value of the nuclear level-

density parameter to simulate the energy dependence. The value of Tm is deter-

mined from the average energy release, the total average fission-fragment

kinetic energy, and the level-densityparameter of the Fermi-gas model.

Whereas for 2s2Cf spontaneous fission, the total average fission-fragment

kinetic energy is a measured quantity and the Fermi-gas level-density parameter

is inferred from measurements, the average energy release must be calculated.

Previously, we have calculated this quantity by use of a seven-point approx-
imation28

to the integral of the energy release over the fission-fragmentmass

and charge distributions, using measured or systematic masses of the 1977
30Wapstra-Bos evaluation when they exist and otherwise the droplet-model mass

formula of Myers.
31

uation32 and the new

We then perform the

—

Here we replace these with the new 1981 Wapstra-Bos eval-

macroscopic/microscopic mass formula of M611er and Nix.33

integration for the average energy release without ap-

proximation. An identical set of changes is made in the integration for the

average fission-fragment neutron separation energy, which is required in the

calculation of the average prompt neutron multiplicity. With these improve-

ments, we calculate the prompt fission spectrum N(E), the average prompt neu-

tron multiplicity ~p, and its decomposition into ~p(~), where ~ is the mass

number of the heavy fragment. Some of the results presented here have already

appeared in Refs. 28 and 34.

Calculated spectra depend primarily upon the values of three constants,

namely, the average kinetic energies per nucleon E: and E: of the average light

and heavy fragments, respectively, and the maximum temperature Tm of the

distribution of fission-fragment residual nuclear temperature.

The values of E: and E: are obtained by use of momentum conservation from

the total average fission-fragment kinetic energy <E~, the mass number A of

the compound nucleus undergoing fission, and the average mass numbers ~ and ~

of the light and heavy fragments, respectively. In this work, as inRef. 2, we

use the values ~~t> = 185.9 MeV, ~= 108, and~. 144that are obtained

from the measurements of Unik et al.35

The value of Tm is obtained from the observation of Terrell
29

that in the

triangular approximation, ‘Imis related to the initial total average fission-

fragment excitation energy ~> approximately by

Tm = (~*>/a)l/2 , (2)
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where a is the nuclear level-densityparameter. For spontaneous fission, <I@>

is given by

(3)

where <Er> is

In Ref.

tion to this

the average energy release in fission.

28 we evaluated the integral for ~r> by a se%en-point approxima-

integral that is centered about the average values of the distri-

butions, as illustrated in Fig. 1 of Ref. 284 In applying this’approximation,

the average or C!lUltralfra@ients are obtained frdm the measurements of Unik et
al 35

“9 which yield l~~Mo and ‘~~Ba fok the 2s2Cf(sf) reaction. The required

energy differences are?then obtained using eqerifsental or derived systematic

masses when they exist and, otheiivise$a mass formula. The restiltingvalue of

~r> is used in Eq. (3) to obtain the initial total average fissicm-fragment

excitation energy ~>. I

The remaining qtiantityrequired to evaluate Eq. (2) for Tm is the nuclear

level-den$ityparameter a. In Ref. 28 we used the value

a =A/(11 Met)

for energy-dependent cross-sectioh

=A/(10 MeV)
aeff

(4)

calclilationsand

(5)

for constant cross-section calculations that simulate the energy dependence.

We now discuss four calculations of the prompt fission neutron spectrum

that have been performed using the seven-point approximation. We do not show

comparisons of these calculations with experimental data, but instead present

the essential results in the first four lines of Table VIII.

The first line of Table VIII gives the results for the energy-dependent

cross-section calculation obtained using a Value of ~r> determined from the

1977 Wapstra-Bos30 evaluation for eight of the required masses and the mass
+

formula of Myers31 for the remaining seven. The optical-model potential of

Becchetti and Greenlees36 is used to calculate Oc(s) and the level-density
●

parameter is given by Eq. (4). This $pectrum is identical to that calculated

28 add 34 with experiments #1 and #7 of Boldeman et al.
37

and compared in Refs.
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TABLE VIII

SUMMARY FOR 252Cf(sf) OF THE CALCULATED PROMPT FISSION NEUTRON
SPECTRUM AND AVERAGE PROMPT NEUTRON MULTIPLICI~

.. .

Integration Mass <Er> Uc(s) Level- ~> <Sn> G
Source Density P

Parameter
(MeV) (1/MeV) (MeV) (MeV)

. .

seven-point

seven-point

seven-point

seven-point

full

full

full

full

W-B 7~a
Myers

W-B 77
Myers

w-Bd81=
M-N

W-B 81
M-N

W-B 81
M-N

W-B 81
M-N

W*B 81
M-N

W-B 81
M-N

219.408

219.408

216.581

216.581

218.886

218.886

218.886

218.886

B-Ge

const

B-G

const

B-G

const

B-G

const

A/n 2.279

A/10 2.306

A/n 2.213

A/10 2.240

A/n 2.267

A/10 2.294

A/9.6 2.168

A/8.4 2.167

5.473

5.473

5.233

5.233

5.439

5.439

5.439

5.439

3.803

3.788

3.554

3.540

3.737

3.723f
3.714

3.791

3.792f
3.783

*In obtaining a mass value, we use the indicated experimental mass evaluation
if possible, and the indicated mass formula otherwise; the level-density param-
eter is either a for energy-dependent cross-section calculations or a for
constant cross-section calculations; unless otherwise noted, Vp is ca~&ated
using Eq. (10).

~The 1977 Wapstra-Bos mass evaluation (Ref. 30).
The droplet-model mass formula of Myers (Ref. 31).
~The 1981 Wapstra-Bos mass evaluation (Ref. 32).
The macroscopic-microscopicmass formula of M611er and Nix (Ref. 33).
‘Calculated using the optical-model potential of Becchetti and Greenlees
f(Ref. 36).
Calculated using Eq. (12).
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The second line of Table VIII gives the results for the

section calculation. This spectrum, illustrated in Ref. 34, is

the first spectrum, having an average energy ~> = 2.306 MeV

keV larger than that of the first spectrum.

constant cross-

very similar to

that is only 27 ?

The third and fourth lines of Table VIII correspond, respectively, to the ●

first and second lines, except that new sources of masses are used in the

calculation of <Er>. These are the 1981 Wapstra-Bos evaluation,
32 from which

ten of the required masses are obtained, and the new mass formula of M611er and

Nix~3 from which the remaining five masses are obtained. As Table VIII shows,

the new value of <Er> is reduced by 2.827 MeV, or 1.3%. This produces corres-

ponding reductions of 8.4% in the excitation energy m> and 4.2% in the maxi-

mum temperature Tm, which reduces the average energies of the third and fourth

spectra by 66 keV relative to those of the first and second. However, although

it is true that the third spectrum agrees with experiment37 better than do the

other three calculations discussed, the value of the average prompt neutron

multiplicity 3 that we simultaneously calculate is in this case significantly
P

smaller than experimental values. In an attempt to resolve this discrepancy, we

improve upon the seven-point approximation to the integral for the average

energy release ~r> by performing the full titegration without approximation.

The average energy release in fission <Er> is given exactly by

(6)

where Y(t@ is the fission-fragment mass-yield distribution, ~ is the heavy-

fragment mass number, and Er(~) is the

division. It is, in turn, obtained

participating charge divisions, namely

average energy release for a given mass

by swing the contributions from all

(7]
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*

b

where p(~,~) is the heavy fission-fragment charge distribution, ZH is the

heavy-fragment atomic number, and Er(~~~) is the energy release for a given

mass and charge division.

We use the fission-fragment mass-yield distribution Y(%) measured by

Weber et al.38 and assume the fission-fragment charge distribution p(ZH,~) to

be of Gaussian form,

P(z#J = 1 exp[-(~-ZPH)2/ (2uz2)],
(2Ruz2)l/2

(8)

with the most probable heavy-fragment

ZPH+C z ZPL-C
=—=

‘HA’L

charge ZPH given by

.“ (9)

In this equation, we use the value of 0.5 charge units determined by Unik et
al 35

. for the charge division parameter c, except for symmetric fission, where

c = o. We also use a value of 0.S charge units for the width u , which is ap-

proximately midrange in the set of values determined by Wahl
38 in studies of

fission-product charge distributions.

With these parameters, we perform the full integration and obtain a value

for <Er> of 218.886 MeV. Our calculations of the spectrum corresponding to

those obtained with the seven-point approximation, but using the full integra-

tion instead, are summarized in the fifth and sixth lines of Table VIII and are

compared with experiment in Figs. 19 and 20. These figures show that, although

both calculations agree fairly well with experiment #7 of Boldeman et al.,
37

the energy-dependent cross-section calculation is preferred. However, this

spectrum is itself somewhat hard in the tail region and somewhat soft in the

peak region. It thus appears that some further adjustment is necessary in our

calculations of the spectrum. The clue to this

also the average prompt neutron multiplicity

taneously with N(E).

The average prompt neutron multiplicity is

ii =
P

<E*> - <EtOt>
<Sn> + <g> 9

adjustment is found by studying

G
P’

which we calculate simul-

given inRef. 28 by

(lo)
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Fig. 19. Prompt fission neutron spectrum for the spontaneous fission ‘f

.

The dashed cum gives the spectrum calculated for a constant cross section,
using Tm = 1.444 MeV resulting ‘rm ‘q- [5), wher=s the solid curve gives the

spectrum calculated with energy-dependentcross sections, using Tm 8
= 1.200 M V

resulting from Eq. (4). For both calculated spectia, the values of El and E

are 0.984 and 0.553 MeV, respectively.
tThe experimental data are from exper -

ment #7 of Boldemanet al. (Ref. 37). l%e potential is that of Becchetti and

Greenlees (Ref. 36).
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of-Becchetti and Greefiees (Ref. 36).
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where <E~t > is the measured total av&a&e prompt gasrsa energyj CSn> is the

average fission-fragment rieutrohseparation enetgy, and <s> is the average

center-of-mass energy of the emitted neutrofis. For the energy-dependent cross-

sectioh calculation, <e> is calculated numerically using the center-of-mass

spectrum, whereas fbr the constant cto~s-section calculation, <s> is given by

(4/3)Tm.

For spontaneous fission, the total average fission-fragment excitation

energy <~> is given by Eq. (3). ~hus, for a fixed value of ~~t>, ~p is very

sensitive to the average energy release ~r>. It is also sensitive to the

value of <Sn> itt?~ausethe average teiker-of-rnassneutron energy <s> is only

about 0.2<sn>. Moreover, becau~~ bniy<0 in !Iq.(10) depends on the level-

density parametdr, 3P is largely insensitive to the value of a. This is in

contrast to Eq. (2) for $, whith is sensititieto both <kk> and a for a fixed

value of ~~t>.

Thus, unsatisfactoti &@teernehkb&tween calculated and measured Z?(E)means

that ~rs and/or a are in error, whereas tisatisfacto~ agreement between cal-
:

culated and measured v means that ~ > and/or <Sn> are in error. Therefore, a

~ Ifqsosesa c~iidti-ainton the corresponding N(E) cal-good calculation of ~

culation in that only thd level-density parameter a is free to be adjusted.

Our calculations of ~p corre@bhding to the use of the seven-point approxi-

mation to calculate <Er> afe s~atized in the first four lines of Table VIII.

In these calculations, <Sa> is also kalc~.~~ed using the se@en-point approxima-

tion. We use the value %:’>= 6,95 lleV

calculated values of 3P are to be co~ated

& 0.009 obtained from the measurements of

3.773 t 0.007 measured bykpencer et al.43

given by Hoffman and Hoffman.40 The

with the experimental value of 3.757

Amie141 and Smith~2 or the value of

The first two calculations of ~p agree with experiment to within approxi-

mately 1%, whereas the second two are more than 5% low. On the other hand,

the second two calculatidrisof N@) ~te klo%@r ‘toexperiment than are the first

two. From the four ~
P

calCulationd$ their corresponding values of ~r> and

<Sn>, and experiment, we conclude that the calculated values of <Er> are prob-

ably not excessively high. From the four N(n) calculations, their corresponding

values of ~r> and a, and experiisent,we conclude that ~r> is somewhat high

and/or a is somewhat low. Taking theS~ conclusions together, we infer that the

level-densityparameter a is Sbmewhat l~w.

However, before acting on this inference, we test it by repeating the

third and fourth calculations of “~
P

contaibed in Table VIII, except that we
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again perform the full integration for ~r>, given by Bqs. (6) and (7), instead

of using the seven-point approximation. Similarly, we perform the full integra-

tion to obtain <Sn>. Indeed, with the full integration technique we are able

to calculate the average prompt neutron multiplicity as a function of mass

division, 3P(~)> and integrate this quantity over the fragment mass-yield

distribution to obtain ~p with greater accuracy. Thus,

<Er(A# - a:t(A# - atot(~)>
3P(+J=

‘Sri%)’ - “(%)’

and

(11)

In these equations, we use the experimental results of Weber et al.38 for

<EtOt( )> and Y(%), except that the ~~t
~~ot % (~)> are renormalized to the value

~fot;;):8:; ::”
We use the experimental results of Pleasonton et al.* for

%
calculate <8( )> in the constant cross-section approxi-

ma~ion, namely (4/3)Tm(~).

Our calculations using the full integration for <Er>, <Sn>, and ~ are

summarized in the fifth and sixth lines of Table VIII. As in the case ofp~r>,

discussed earlier, the new value of <Sn> lies between those obtained in the two

previous sets of calculations. The two values of ;P calculated using Eq. (10)

are approximately 1% smaller than experiment. The more accurate calculation of

G~~ given by Eq. (12), is 1.1% less than the

discussed earlier, the corresponding spectra

region and somewhat soft in the peak region

Boldeman et al.37 We conclude that with full

experimental value of 3.757. As

are somewhat hard in the tail

compared with experiment #7 of

integrations to obtain the aver-

age energy release <Er> and the average fragment neutron separation energy

<Sn>, the nuclear level-density parameter a is still somewhat low. We there-

fore perform a least squares adjustment to the spectrum of experiment #7 of

*F. Pleasonton, R. L. Ferguson, and H. W. Schmitt, Oak Ridge National Labora-
tory, provided this information in April 1982.
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BoZdeman et al.,3.7with respect to the value of the nuclear level-density

parameter, and recalculateN(E) and ~n. Using these results, we also calculate
.

G*(@ ●

We perform two least squares adjustments to the experimental spectrum.

The first is performed using the energy-dependent cross-section calculation,

with the level-density paxameter given initially by Eq. (4), and the second is .

performed using the constant cross-section calculation,with the level-density

parameter given initially by Eq. (5). To obtain an absolute value of X2, the

normalization of tie experiment is recalculated for each iteration in the value

of the level-densityparameter. In these calculations an iteration is taken as

an increment of 0.1 MeV in the denominator of Eq. (4) or Eq. [5).

For the energy-dependent cross-section case,

occurs for a

~in (per degree of freedom)

= A/(9.6 MeV) and has a value of 4.37. For the constant cross-

section case, gin ‘Ccurs ‘or aeff = A/(8.4 MeY) and has a value of 7.49. In

both least squares adjustments, the level-density parameter correspoxtdingto

gin has increased somewhat, relative to its initial value given by Eq. (3) or

Eq. (5).

Our calculations of N(E) and ~p using the least squares adjusted level-

density parameters are summarized in the seventh and eighth lines of Table VIII

and are illustrated in Figs. 21 and 22. The energy-dependent cross-section

calculation clearly agrees better with experiment than does the constant cross-

section

the two

section

cal, as

average

value 2.

calculation, as expected from the ratio 1.7 in the values of ~in for

cases. Despite the clear preference of the energy-dependent cross-

calculation, the average energies for the two cases are almost identi-

are the corresponding values of ~ calculated using Eq. (10). The
P

energies are, however, approximately 30 keV larger than the average

136 MeV obtained by Boldeman et al.37 in a Maxwellian fit to several

experiments, whereas the values of ~ are well within 1% of the experimental
41value 3.757 * 0.009 due to Amiel an} Smith42 and the experimental value 3.773

A 0.007 obtained by Spencer et al.43

Our most accurate calculation of ~ , using Eq. (12), yields a value of

3.783 that differs from the former exper&ental result by 0.7% and differs from

the latter experimental result by 0.3%. The decomposition of this calculated

value into ~-(&), by use of Eq. (11), is shown in Fig. 23, where the calcu-

lated valuesyar~

which have been

40

compared with the experimental data of Walsh

renormalized to the value 3.757 for ~ . The
P

44
and BoldemanJ

calculation and
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Fig. 21. Prompt fission neutron spectrum for the spontaneous fission of .252Cf
The dashed curve gives the spectrum calculated for a constant cross section,
using Tm = 1.049 MeV resulting from the least squares adjustment with a eff =
A/(8.4 MeV), whereas the solid curve gives the spectrum calculated for an
energy-dependentcross section, ustng Tm = 1.121 MeV resulting from the least
squares adjustment wtth a = A/(9.6 MeV). For both calculated spectra, the
values of El and E? are 0.984 MeV and 0.553 MeV, respectively. The experi-
mental data are from experiment #7 of Boldeman et al. (Ref. 37). The poten-
tial is that of Becchetti and Gr&enlees (Ref. 36),
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Fig. 23. Average prompt neutron multiplicity a function of the heavy-
f32cffragment mass for the spontaneous fission of . The calculation iS

performed with Eq.(11), using aeff = A/(8.4 MeV) resulting from the least
squares adjustment to the spectrum calculated for a constant cross sec-
tion. The experimental data are those of Walsh and Boldeman (Ref. 44).
Note the suppressed zero of the vertical scale.

experiment agree very well in the peaks and wings of the fragment mass distri-

bution, but discrepancies as large as 15% occur near ~ = 138, where the de-

scent into the valley is well under way. It is clear from the figure that even

better agreement of the integral of ~p(~) with experiment can be achieved if

refinements to the calculation of ~p(~) are made. A more detailed discussion

of our results is given in Ref. 45.
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M. New Fission Neutron Spectrum Representation for ENDF (D. G. Madland)
28The new representation 46

of the prompt fission neutron spectrum proposed

for use in the Evaluated Nuclear Data File (ENDF) has been accepted* by the

Cross Section Evaluation Working Group (CSEWG) for such use commencing in June

1983.

The new representation consists of the closed-form theoretical expression

for the spectrum given in Ref. 28. This expression results from the constant

cross-section approximation for the process inverse to neutron emission, namely

compound-nucleus formation. Three constants are required in the evaluation of

the spectrum. Detailed discussions and recommendations on the evaluation of

the constants are given in Refs. 28 and 46. An example of the ENDF format for

the new spectrum representation is given inRef. 46.

II. NUCLEAR CROSS-SECTION PROCESSING AND TESTING

A. NJOY Code Development (R. E. MacFarlane, D. W. Muir, and R. M. Boicourt)

In late 1981, NJOY(10/81) was released, and since then there has been a

steady growth in the size of the NJOY user community. NJOY is now in use in at

least 20 different research installations, including several in foreign coun-

tries. Feedback from the users has been very helpful in locating minor errors

in the released (10/81) version of the code. Corrections have been communi-

cated back to the users through a series of “NJOY Notes.” The third note in

this series was issued in September 1982. (Persons interested in being placed

on the mailing list to receive existing and future Notes should contact the

code authors.)

Many of the recent code changes are needed only to suppress IBM compiler

diagnostics. Another change was necessary to prevent a possible infinite loop

in GAMINR. A large block of comment cards was added to the DTFR plotting rou-

tines in order to better explain the function of certain local Los Alamos sub-

routines called by DTFR.

The remaining changes fix actual errors or improve numerical precision on

IBM machines. Two different errors were found in the routines that process

ENDF/B photon transition probability arrays. In ENDF/B-V, this format is used

only for Cl, K, Eu-151, and Eu-153. A problem with SCANA led to occasional

*Minutes to the Cross Section Evaluation Working Group (CSEWG),Formats Subcom-
mittee Meeting, May 20, 1982, Brookhaven National Laboratory, available through
Raphael J. LaBauve, Los Alamos National Laboratory.
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errors with threshold reactions in GROUPR. In CCCCR, the IFOPT = 2 option,

which prints out scattering matrices by Legendre order, now works. The small

P3 scattering cross sections for heavy isotopes have been improved somewhat by

using double precision for the angular integration in GETFF. The IBM results

still do not exactly satisfy the sum rule that says that the total laboratory

P3 scattering should be zero for reactions specified as isotropic in the center-

of-mass frame. The calculation of the LAW=7 representation of the fission

spectrum has also been improved for IBM ❑achines. The previous version would

give small random numbers (sometimes even negative) at low emission energies.

Finally, in order to make sure that energies are within the integration panel

(see PANEL in GROUPR and GPANEL in GAMINR), it is necessary that RNDOFl@DELTA

be slightly less than 1. The choice of DELTA=.999 999 5 and RNDOFF=l.OOO 000 4

satisfies this criterion for REAL*4 variables on IBM machines.

A new IBM version (10/81-31) of the entire code system, which contains all

of the corrections discussed above, has been sent to the code centers. The

corresponding code changes have also been supplied in the form of CDC UPDATE

directives for users with CDC computer systems.

B. Covariance Processing (D. W. Muir, R. E. MacFarlane, and R. M. Boicourt)

The ERRORR covariance processing module (Ref. 47, pp. 39-46) of NJOY has

been modified extensively in recent months and now treats all approved ENDF/B-V

formats. Recent work has centered on the full implementation of the capability

to process “ratio-to-standard”covariance data. Such data have had an approved

format for several years, and ratio covariances appear in six ENDF/B-V evalua-

tions (lOB, 235U,
238U 239m 241b and 242ml

P 9 9 . Also now fully implemented

are two recent format modifications, namely, “lumped-partial” covariances and a

new covariance “law,” LB=6. The extended ERRORR module is compatible with the

distributed (10/81) version of NJOY. Because of the large number of code

changes, users who are interested in these new capabilities should request a

replacement source deck for the entire ERRORR module.

In order to describe the new ratio-data capability, it is useful to first

review the general problem. Let X(EX) be the value of the cross section for

reaction “x” at energy Ex, and y(Ey) the cross section for reaction “y.” (Reac-

tions x and y may or may not be distinct.) In some energy region (Lx, Hx)$

suppose that the best knowledge of X(EX) is obtained through the application of

a measured ratio, f(Ex);
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(13)

where Z(EX) is an official ENDF/B st~fidardcross sec!tionthroughout the energy

region (Lx, Hx). Similarly, suppo~~ y is derived from the same standard, over

a possibly different exier@ rafige,

Y(EY) = i@y) Z(EY), if Ly.~%$~y~ (14)

@ app~yihg the prdp~g~ti~n-of~~~fbt~ foiinula,ofie-catiobttd.~an expres-

sion for the contribution to the relakive cbvatiaticb’r~lcov[X(Ex), y(Ey)] that

is attributable to the ratio measux’elni%its,Iiithe usual ca$e, where the ratios

f and g are only weakly t%trelat~d W!lkkthe ~tahdard erbt$s#@ction z, the re-

sult is quite simpld!

relcov[x(l?x),y(~y)]tatio s

relcov[f(Ex), gcEy)] + rel&bv[U(Ex), Z(ky)]

if LxSExSHxaridLySE S~ 1$ and

relcov[x(Ex),y(Ey)]t=tid * ~’

(15)

(16)

otherwise.

l’bus,in this fairly d~tiofievahiati~n situation, the covariance separates

naturally into a part involving only the ratio data itself and a part involving

only the standard. Because the secdhd c~htribtition,COV(Z,Z), can be read di-

rectly from the evaluation for the stahdard, it is not included explicitly in

the ENDF/B covariance subsections for the derived quantities, COV(XJX) or

Cov(x,y). Instead, the existeticeof this contribution to the covariance is ●

signalled by the presence of a very dhd”rtblock of data, an “NC-typefisub-sub-

section, containing only the material tihhberand reaction identifier of z and a ●

few other items.

The strategy adopted

is to Ioad the explicit
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covariance fhfotiation from the evaluation of the


