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AVERAGE NEUTRONIC PROPERTIES OF !’PROMPT”FISSION PRODUCTS
.

.

*

.

by

D. G. Foster, Jr., and E. D. Arthur

ABSTRACT’

We describe here calculations of the average neutronic
properties of the ensemble of fission products produced by
fast-neutron fission of 23% and 239Pu, where the properties

are determined before the first beta decay of any of the
fragments. For each case we approximate the ensemble by a
weighted average over 10 selected nuclides, whose proper-
ties we calculate using nuclear-model parameters deduced
from the systematic properties of other isotopes of the same
elements as the fission fragments. The calculations were
performed primarily with the COMNUC and GNASH statistical-
model codes. The results, available in ENDF/B format, in-
clude cross sections, angular distributions of neutrons, and
spectra of neutrons and photons, for incident=eutron ener-
gies between 10‘5 eV and 20 MeV. Over most of this energy range,

239Pu fission frag-we find that the capture cross section of
ments is systematically a factor of two to five greater than for
235U fission fragments.

1. INTRODUCTION AND SUMMARY

Neutronic calculations performed on a system undergoing a rapid chain

reaction require cross sections and related data for the resulting fission

fragments before they have had time to undergo beta decay. In general, the

yields of the fragments are reasonably well known, but they are too shOrt-

lived for direct measurements of their neutronic properties to be feasible.

Therefore, we must resort to calculations using nuclear-model codes with input

data deduced from the systematic properties of isotopes that lie much closer to

the line of beta stability than the fragments. Since there are approximately

1000 nuclides involved, we must content ourselves with a suitable average over a

small but representative sample of “the nuclides.

This report describes such calculations for the fragments from fast-

neutron-induced fission of 23%J and 239Pu. As noted in preliminary reports,l-3

we have approximated the ensemble of fragments by taking a yield-weighted average
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over 10 nuclides for each fissile species, selected from the peaks and half-

height points of the low-mass and high-mass parts of the yield curve, using
235

pairs having even and odd mass. There is enough difference between U and

239
Pu that

138
Xe is the only target nuclide common to both sets, so we must con-

sider 19 nuclides altogether.

energies up to 20 MeV, we must

scattering, (n,2n), and (n,3n)

larges the data set to include

These are shown in Fig. 1. For incident-neutron

include the (n,y), elastic-scattering, inelastic-

reactions on each of these targets, which en-

44 residual nuclides.

All of our calculations used spherical optical models and a Hauser-Feshbach

statistical treatment of compound nuclei, modified to include pre-equilibrium

effects in the compound state formed by the target and the incoming neutron.

These models were embodied primarily in three computer programs: COMNUC,q

GNASH,5 and SCAT.6

The principal results of this work are summarized in Figs. 2 - 10, which

exhibit the integrated neutron and photon-production cross sections for each

reaction, a simple treatment of cross sections below 1 keV, a comparison of the

capture cross sections for the two cases, the energy-dependent Legendre

coefficients for elastic scattering, and an example of a coupled energy-angular

distribution of secondary neutrons. As described in detail below, we have used

the Kalbach-Mann formalism7 to approximate all secondary-neutron angular

distributions except those for elastic scattering and inelastic scattering to

discrete states in the target-nuclides. Figure 11 illustrates a modified form of

these distributions, which are independent of target nuclide, reaction, and in-

cident-neutron energy.

The motivation for these calculations was to provide cross-section sets for

applied calculations. In this context, the most noteworthy difference between

the two fissionable nuclides is in the capture cross section of the fission

fragments, which is about a factor of five greater for
239

Pu than for
235

U for

incident neutrons below 1 ev, and about a factor of two greater above 1 keV

(except near 4 MeV). We believe that this difference is real and results di-

rectly from the small systematic difference between the two fragment-mass dis-

tributions relative to nearby closed shells.

II. INPUT DATA

It is obvious that the preparation of credible sets of input data is the

most difficult part of this program.

clear parameters far from the line of

2
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Figure 1. Target nuclides used in this work.
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Figure 2. Neutron cross sections of prompt fragments from
fast fission of 235U.
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Figure 3. Neutron cros sections of prompt fragments from fast
2?9PUfission of .
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Figure 4. Photon-production cross sections of prompt fragments
from fast fission of 235U.
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Figure 5. Photon-production cross sections of prompt fragments from
fast fission of 239PU.
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Figure 6. Slow-neutron cross sections of 235
U fission fragments.

239
Figure 7. Slow-neutron cross sections of Pu fission fragments.
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for a number of years. Wherever experimental tests have been possible, for ex-’

ample in the recent works on mass-90 nuclides, the results have been encouraging.

We derive parameters to go into the nuclear models by fitting observations made

on several stable isotopes of the element in question. Each fit yields a linear

function of rl= (N–Z)/A, which supplies a crude extrapolation into the neutron-

rich region of the primary fission fragments. We are confident that our results

are an improvement over earlier estimates of the average properties of fission

fragments. Nevertheless, wherever extrapolation produces a large change in a

parameter, the uncertainty in its value is necessarily of the same order of

magnitude as its value.

A. Target Nuclides

Our results are based on weighted averages over specific nuclides chosen

from the peaks and half-height points of the appropriate fission-fragment yield

curves. Only the half-height points for the heavy-fragment peak lie close to in-

tegral values of A. Accordingly, for the remaining points we have used even-odd

pairs of isotopes of the same element , whose masses bracket the desired values.

These are shown in Fig. 1. Each average includes five odd- and five even-mass nu-

elides. Altogether 138, we have used 19 isotopes of 10 elements; only Xe occurs

in both averages.

B. Parameters for the Spherical Optical Model

It is vital that parameters for a spherical neutron optical model describe

the interaction correctly over a wide range of incident-neutron energies because

we are interested simultaneously in good compound-nucleus-formation cross

sections for (n,xn) reactions and a reasonable description of the emission of

low-energy neutrons. Following the technique of Delaroche, Lagrange, and Salvy,g

we fit parameters using both total cross sections measured over a wide range of

neutron energies and low-energy s- and p-wave strength functions. By such

analyses of isotopic data we can extract a linear dependence on tlfor both real

and imaginary parts of the potential, in addition to the usual linear dependence

on incident energy. This must be done very carefully, however, because the

required extrapolation to neutron-rich fragments is of the same order of

magnitude as the quantities themselves. As an example, Fig. 12 illustrates our

fit to total cross sections of xenon, while Fig. 13 compares the corresponding

s-wave strength functions to experimental values for six different values of q.

The optical parameters that result, along with those for the other nuclides

involved in these calculations, are listed in Table I.*

*

.

.

f

tihe parameters for molybdenum are from Ref. 10.
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Figure 12.
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Figure 13. Calculated and experimental dependence of the
s-wave strength function S~ for isotopes of xenon.



TABLE I

SPHERICAL OPTICAL Parameters

Element
‘o ‘1

a r a
‘o ‘1 6r r ‘i ai—. — — —. — ——

Se 54.8 43 -0.35 1.24 0.62 12.5 33 0.36 1.26 0.65

Kr 52.75 22 -0.34 1.24 0.62 10.1 35 0.5 1.26 0.65

Sr 49.4 0 -0.15 1.24 0.62 8.5 36 0.5 1.26 0.58

Zr 48.6 0 -0.33 1.24 0.62 7.9 35 0.3 1.26 0.58

Mo 50.8 17 -0.22 1.24 0.62 4.8 7 0.45 1.26 0.58

Sn 56.3 50 -0.28 1.25 0.57 4.4 15 0.5 1.25 0.56

Xe 55.4 50 -0.35 1.25 0.65 12.8 50 0.4 1.25 0.56

Ba 49.0 22 -0.15 1.25 0.74 7.8 32 0.48 1.25 0.58

aReal and imaginary (Saxon derivative) forms used were

v= Vo - v~rl+ &

w=wo- Wln+ f3E

wmax = w’ o - Wl~, with V and W in MeV; rr, ar, ri and ai in fm.

Spin-orbit values used were

w’o

14.5

13.5

12.9

11.

9.75b

9.5

17.1

13

t

VSO = 6.2 MeV, rso = 1.12 fm, as. = 0.47 fm for Se, Kr, Sr, Zr, and Mo isotopes.

VSO = 7.5 MeV, rso = 1.25 fm, aso = 0.65 fm for Sn, Xe, and Ba isotopes.

bThese parameters are from Ref. 10.
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The values for Vl and WI shown in Table I are usually larger than those

determined from fits to such data as elastic scattering from separated isotopes

in the MeV region. The reason for this discrepancy is not clear, but it is

11 Wherever possible,consistent with similar analyses by Newstead and Delaroche.

we also test our parameters against other types of measurements, as illustrated

by the (n,2n) cross sections of ‘OZr and 112Sn shown in Fig. 14.

c. Photon Transmission Coefficients

For calculating capture cross sections and describing competition between

photon and particle emission, we base our photon-transmission coefficients on

gamma-ray strength functions8 instead of normalizing them to the customary ratio

~> ~ 2K <rY>/<D>, in which the average gamma-ray width <ry> and average

level spacing ~> are determined independently. For unstable nuclei both <I’y>

and <D> can only be estimated from their average behavior over the mass range

interest, and both are subject to large fluctuations.

Instead, we define a gamma-ray strength function f(sy) of photon energy

‘Y such that

<D
s

= Jon f(Ey) EY3 p(Sn - Cy) dc
% Y’

in which Sn is the neutron separation energy and p(E) is

function in the compound system. If we assume that this

giant-dipole-resonance form given by

fE1(Ey)

then the constant

tions and spectra

ate so rapidly as

kEr
y gdr.

(E r
ygdr)2+ (E2-E~dr)2 ‘

Y

of

(1)

the level-density

strength function has a

(2)

k in Eq. (2) can be determined from fits to capture cross sec-

of stable isotopes. This strength function should not fluctu-

<R>; thus, one can extrapolate it into the neutron-rich region

with greater confidence. The resulting equivalent values of CR> are given in

Table 11 for each of the required nuclides in this program.

We can illustrate this behavior using the calculated gamma-ray strength

functions

extracted

contrast,

for several isotopes of tin, which are shown in Fig. 15. Note that th

strength function varies from isotope to isotope by less than 50%. In

the conventional <R> changes by a factor of 40 between
119 120~n

Sn and .

13
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Figure 14. Comparison of calculated cross sections to experimental data
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A
—

85
86
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93
94
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97
98
99

100
101
102
103
104
105
106
107
108
109
128
129
130
131
132
135
136
137
138
139
140
143
144
145
146
147

SELECTED DATA

1.19-4=
6.07-6
1.39-5
2.5 -7

1.41-5
1.38-5
2.3 -5
3.4 -4

3.3 -5
7.74-5
8.25-6
9.9 -5

4.32-5
1.88-4
5.63-5
5.17-4
5.52-5
4.74-4

1.63-3
2.6 -5
7.4 -5
2.3 -5

2.03-5
1.02-4
3.8 -6

1.93-5
7.91-4
6.29-6
1.99-5
8.24-6
8.09-5

8.25-4
2.97-5
6.00-4
4.8 -5

go

8.6of
8.70

8.32
8.40

8.04j
8.13

7.62
7.69

7.85
7.92

8.23
8.31

10.00
10.08

10.54
10.62
10.69

11.15
11.23

TABLE 11

FOR INDIVIDUAL NUCLIDES

No. of

Levels

1
2
2
2
1
3
1
2
2
1
10
5
2
6
2

10
7
7
6
1
5
2
1
3
4
2
2
1
1

11
4
5
2

10
10
7
7
2
3
7
5
2
3
1

G. S.

(5.2+)b

(5!2~)

(5?2;)
o+

5/2+
o+
7/2+

o+

( 7;2~)

(7!2;)
o+

1/2+
o+

1/2+

(7;2~)
o+

7/2+

( 5!2~)
o+
1/2+
o+
1/2+
o+
3/2+
o+

3/2+
!0+
3/2+
o+

7/2-
0+

7/2-

(5!2Y)
o+

7/2-
0+
7/2-

a. <R> is defined in Sec. 11.C.
b. Values in parentheses are especially uncertain
c. 1.19-4 is an abbreviation for 1.19 x 10-4.
d. These values of gIoare discussed in Sec. 11.D .

1st Excited State
E J=

0.704
(1.0) (1;2:)
(0.76) (2+)

0.7071 2 +

(0.80) (2+)
(0.2) (5/2+)

0.8147 2 +
0.21339 (5/2+)
0.8369
0.352 (5;2;)
0.815 2+
1.1030 3/2+
0.8530 0 +
0.1217 3/2+
0.2125 2 +

0.1519
(0.16) ( 1;2:) ‘

0.095 (7/2+)
0.1717
(0.13) (;/;+)
(0.12) (o+)

0.035
1.217
0.334
4.041
0.28845
1.3131
0.6010
0.5889

(0.25)

11/2-

(1;2:)
3-
1/2+
2+

3/2-

(3t2y)
0.3768
0.0336 (7;2Y)
0.1994

(0.1) (3;2Y)
0.1810 2+
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D. Parameters for the Pre-Equilibrium Model

#

Our treatment of pre-equilibrium processes uses the master equations of

Kalbach. 12 In this model, we generally use the value A/13 for the composite-

nucleus state-density constant (called go in GNASH5). Unfortunately, our

initial GNASH runs gave unrealistically large pre-equilibrium fractions for rela-

tively low incident-neutron energies for the targets 87,88se, 92,g3Kr, and

95Sr. To correct this, we arbitrarily increased the state density by approxi-

mately 30% for all isotopes of these elements, which is sufficient to keep the

pre–equilibrium fraction below 0.3 up to incident-neutron energies of 10 MeV.

Our values of go are included in Table II.

E. Properties of Discrete Levels

Ideally, for each of the 44 nuclides in our data set we should include all

of the low-lying discrete states that seem to form a well-understood and reason-

ably complete block of data (the maximum was 11 levels in 129Sn). We tolerate a

few levels with unknown or ambiguous spin or parity if there are better-deter-

mined levels above them, and assign plausible parameters to them, relying pri-

marily on shell-model arguments to do so.* Unfortunately, 8 of the 44 nuclides

had no experimental information to establish the nature of even the ground state,

and there were 14 whose first excited state had unknown spin and parity. Among

our 19 target nuclides we found two whose ground-state spin and parity were un-

known and nine for which the first excited state has not been observed at all.

For the latter we deduced plausible energies from the systematic of nearby nu-

clides, as well as credible spins and parities, in an attempt to get a more con-

sistent treatment of inelastic scattering. TableII includes the properties as–

signed to the first and second levels of each of the 44 nuclides.

F. Continuum Level Densities

Above the highest discrete level we have used the Gilbert-Cameron13 level-

density expressions with the Cook14 parameters. This formulation is based on a

systematic study of level spacings near the neutron binding energy, and consists

of a constant-temperature approximation at low excitation energies joined smooth-

ly to a Fermi-gas formula at high excitation energies. We suspect that extrapo-

lation of these relations to the extremely neutron-rich region of the fission

fragments is the least reliable of our many assumptions.

*DO G. Madland gave us invaluable help with these assignments*



G. Ground-State Mass Excesses

Approximately half of the required nuclides lie outside the range for which

ground-state mass excesses have beendetermined experimentally. We have used the

adjusted masses from the 1977 Nuclear Wallet Cards. These include many values

“estimated from nuclear systematic.” Wherever necessary, we have supplemented

the tabulated values with extrapolations based on the Garvey-Kelson15 relations.

III..NOMENCLATURE

In the detailed discussion that follows, we consider a neutron of laboratory

energy En incident on a target nuclide of mass number A. We describe the ini-

tial compound nucleus that results as the “A+l” nuclide. Similarly, we shall

label the products of the (n,2n) and (n,3n) reactions the A-1 and A-2 nuclides,

respectively.

If the A+l nuclide emits at least one photon before reaching a stable state,

we include that interaction in the “capture” cross section. If the decay of the

A+l

the

the

any

are

and

compound nucleus ends at the A+l ground state , we include the interaction in

“activation” cross section. Normally we reserve the designation “(n,y)” for

activation cross section and the photons emitted by the A+l nuclide, whereas

neutrons emitted by the A+l nucleus after the emission of at least one photon

arbitrarily included in the (n,nf) cross section and spectrum. For clarity

emphasis, however, we shall occasionally distinguish between an (n,y) spec-

trum (consecutive photons emitted from A+l without neutron emission) and an

(n,y)+(n,yn’) spectrum (all photons emitted from A+l). In the ENDF/B output for-

mat, we use MT = 102 for the activation cross section and the (n,y) + (n,ynf)

photon spectrum. The (n,ynt) cross section and its neutron spectrum never appear

explicitly in our calculations or output.

IV. COMPUTER PROGIUMS

COMNUC4 includes in its calculations width-fluctuation corrections that are

important at low excitation energies. It calculates angular distributions of

neutrons in the Hauser-Feshbach approximation, but does not treat pre-equilibrium

processes or calculate continuous spectra of either neutrons or photons. Thus,

it is most useful at low incident energies. GNASH5 calculates neutron and photon

spectra but not angular distributions, lacks width-fluctuation corrections, but

includes pre-equilibrium effects, so it is most useful at higher En, especially

above the (n,2n) threshold.

18
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COMNUC is entirely self-contained. Consequently all required input data

must be supplied to it on cards. GNASH, on the other hand, takes only the case

description from cards, and uses three external files to supply neutron transmis-

sion coefficients, level properties, and ground-state mass excesses. We usually

use TCCAL* to calculate the transmission-coefficient file , which is used to des-

cribe neutron interactions with all nuclides in a given problem. Also, because

GNASH treats only the nonelastic part of the interaction with the target nu-

cleus, we calculate the

arately, using SCAT.6

Since GNASH treats

yields neutron-emission

rectly the conventional

shape-elastic cross section and angular distribution sep-

each nuclide independently in a multistep reaction, it

spectra from each nuclide in turn. It cannot write di-

(n,2n) and (n,3n) spectra, although the corresponding

photon spectra are simply those from the A-1 and A-2 nuclides, respectively. In

order to permit calculating these higher-multiplicity neutron spectra, GNASH

writes detailed bin populations to an external file. A postprocessor named SPEC-

TRA recombines the population information into the (n,n’) spectrum and the compo-

nents of the (n,2n) and (n,3n) spectra that are emitted from each nucleus. Sub-

sequently, we combine these into the final spectra and tabulate the fraction of

each spectrum bin that is derived from pre-equilibrium neutron emission’from the

A+l nuclide. With this information we can later assign secondary-neutron angular

distributions to each bin of each neutron spectrum by applying the systematic

developed by Kalbach and Mann.7

A. The GNASH Familv

GNASH is best described as the key element in a family of codes and postpro-

cessors, which we shall therefore refer to as the “GNASH family.”” The relation-

ship of the members of this family to each other and to the other codes involved

in our work is diagramed in Fig. 16, which also summarizes the information flow.

The internal structure of GNASH prevents it from calculating correctly the

spectrum of photons from the (n,yn’) process simultaneously with the pre-equili-

brium process in nuclide A+l. The left-hand box marked GNASH in Fig. 15 repre-

sents a “standard” run in which the pre-equilibrium calculation is included and

the (n,yn’) process is excluded. It sends neutron-population information through

SPECTRA for sorting into the components of (n,n’), (n,2n), and (n,3n) spectra.

~CCAL consists primarily of spherical optical-model routines excerpted from

COMNUC .
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Integrated cross sections and photon spectra go directly to GNASHRD. The right-

hand GNASH block represents an independent run in which pre-equilibrium effects

are turned off and the full (n,y)+(n,ynf) photon spectrum is generated instead.

GNASHRD collects the separate components of the family into a single set of

data. It sums the partial neutron spectra to generate (n,2n) and (n,3n) spectra,

attaches their composite pre-equilibrium fractions, and adds the shape-elastic

cross section from SCAT6 to the compound-elastic cross section from GNASH. In

principle, it also substitutes the full (n,y) spectrum from the special GNASH run

for the incomplete spectrum generated in the standard run.

In practice, we seldom use GNASH to calculate the full (n,y) spectrum above

5 MeV because it is a very expensive calculation and the cross section becomes

very small. Instead, we usually substitute an approximate spectrum above 5 MeV.

Discrete levels near the A+l ground state induce sharp peaks in the low-energy

portion of the spectrum. Similarly, the high-energy end of the spectrum acquires

pronounced structure from direct transitions from the capturing level to the low-

energy discrete levels. The center

smooth.

Accordingly, GNASHRD generates

5-MeV spectrum. Keeping the highly

“stretches” the smooth center until

portion of the spectrum is comparatively

the spectrum above 5 MeV by deforming the

structured ends unchanged, it simply

the discrete transition from the capturing

level to the ground state has the correct energy. Then it rebins the distorted

spectrum back onto a uniform grid, and normalizes it to a photon multiplicity

(extrapolated from the calculated multiplicities at 3 and 5 MeV) that decreases

exponentially towards 1.0 at very high En. The result is quite similar to the

result of actually calculating the spectrum with GNASH.

B. Combining Results from COMNUC and the GNASH Family

All of our calculations are performed at incident-neutron energies of 0.001,

0.01, 0.03, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, and 20 MeV.

Because of their respective limitations, we restrict the COMNUC calculations to

the range 0.001–5 MeV and the GNASH calculations to the range 1-20 MeV. Near

5 MeV the cross sections calculated by the two agree very well, so the main task

in generating a complete data set is to effect a smooth transition between 1 and

5 MeV. As indicated in Fig. 16, the composite data set is generated in CONSOL.

CONSOL simply copies the total, elastic, inelastic, and (n,2n) cross sec-

tions from COMNUC up to 5 MeV. Above 5 MeV, it copies all neutron cross sections



from GNASHRD.

above 5 MeV.

Similarly, it copies photon-production cross sections from GNASHRD

Between 1 and 5 MeV it multiplies the photon-production cross sec-

tions by the COMNUC/GNASH neutron-cross-section ratio and copies the photon

spectra from GNASH.

The only cross section that COMNUC does not calculate is the activation

cross section. CONSOL copies this from GNASHRD between 1 and 20 MeV. Below 1

MeV, it extrapolates the activation/capture cross-section ratio linearly from the

GNASHRD value at 1 MeV to 1.0 at En = O, in order to approximate the activation

cross section.

COMNUC supplies cross sections and angular distributions for both shape- and

compound-elastic scattering up to 5 MeV. GNASHRD supplies the SCAT shape-elastic

cross section and angular distribution above 5 MeV. Since the compound-elastic

cross section above 5 MeV is less than 3% of the elastic cross section for all of

our cases, we ignore its effect on the angular distribution.

The systematic properties of nonelastic secondary-neutron angular distribu-

tions analyzed by Kalbach and Mann 7 allow us to assign reasonably reliable angu-

lar distributions to each bin of a nonelastic neutron spectrum, since they have

found that the distributions are functions only of the secondaryneutron energy

and the fraction of the neutrons in that bin that are emitted by the pre-

equilibrium process in the A+l nucleus. Since the present work extends to rather

low energies, we have used a modified form of the Kalbach-Mann spectra, which is

discussed in the Appendix and illustrated in Fig. 11. We have used these angular

distributions for all (n,2n) and (n,3n) spectra, and for (n,n’) spectra below the

region derived from transitions to discrete levels in the target nucleus. In

practice, CONSOL actually generates Kalbach-Mann

(n,n’) neutrons, and retains the pre-equilibrium

(n,sn) spectra so that the angular distributions

distributions only for the

fractions for the (n,2n) and

can be calculated at will later.

Inelastic scattering is the only process for which CONSOL attempts a coor-

dinated treatment of the neutron and photon spectra. Below 5 MeV it produces a

discrete inelastic-neutron spectrum that has the appropriately averaged Legendre

coefficients (obtained from COMNUC) for the discrete transitions in each bin. It

makes no effort to extrapolate these angular distributions above 5 MeV, however,

since at higher energies the discrete transitions constitute only a small

fraction of the cross section, and they are consequently overwhelmed by the

Kalbach-Mann distributions.

22



Between 1 and 5 MeV, CONSOL uses the wealth of information available from

GNASH to reconstruct inelastic photon spectra associated with the COMNUC values

for the (n,nt) cross section, including contributions from continuum neutrons

that feed the photon cascade through discrete levels in the target nucleus. Be-

low 1 MeV it attempts to interpolate both neutron and photon spectra in a consis-

tent manner down to the inelastic threshold.

CONSOL modifies the GNASH (n,y)+(n,yn) spectrum below En = 1 Mefl by Lhe

same process that GNASHRD uses above 5 MeV. In compensating for the reduced max-

imum photon energy, it preserves the structure caused by transitions between dis-

crete levels while uniformly compressing the relatively unstructured middle por-

tion of the spectrum.

c* Preparation of Finished Data Sets

The output from CONSOL comprises 19 individual data sets (of which 138Xe

235 239
will be used for both U and Pu fission fragments). The next program in

the sequence (Fig. 15) is AVERAGE, which simply averages 10 data sets together

in accordance with the weighting scheme implied by Fig. 1. AVERAGE uses the

lowest threshold it finds for each reaction as the threshold for the averaged

set.

The last computer program in the chain is SIGMA, which converts each of the

data sets from AVERAGE into its final form. Because of constraints imposed by

using spectrum bins of finite width, GNASH does not always prepare cross sections

and spectra for En just barely above the (n,n’), (n,2n), or (n,3n) thresholds.

If SIGMA finds a missing neutron cross section in the En grid as a result, it

interpolates a cross section using an appropriate power-law shape. It also adds

several more interpolated points near each of the three thresholds. Then, by

interpolating photon multiplicities from 1.0 at threshold to the first calculated

multiplicity above threshold, it fills in the corresponding photon-production

cross sections near threshold. Finally, it uses spline interpolation to generate

intermediate neutron and photon-production cross sections over the entire range

of En, increasing the En grid from 18 to 50 points. The result is shown in

Figs. 2 through 5.

COMNUC cannot be used reliably below 1 keV because of probable resonance

effects, and it obviously cannot predict detailed slow-neutron cross sections

from optical-model parameters. The capture cross section of the ground state of

135Xe dominates the slow-neutron cross section of the fission fragments.
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Accordingly, SIGMA uses four straight-line segments on a log-log scale to approx-

imate this cross section below 1 keV, multiplying the isotopic cross section by

13~e ground state, which is nearlythe known “direct” fast-fission yield of the

five times as large for 239Pu fission fragments as it is for 23W. The high-

energy end of this approximation is simply a log-log extrapolation of the COMUC

capture cross section through the point at 1 keV and the splined point at 2 keV.

Taking the scattering cross section below 1 keV to be constant, SIGMA then gener-

ates the corresponding total cross section, and arbitrarily (and certainly incor-

rectly) generates a slow-neutron photon-production cross section by assuming that

the (n,y) spectrum and multiplicity are constant below 1 keV. These results are

shown in Figs. 6 and 7.

SIGMA rebins all spectra as it reads them in, converting them from the con-

stant-width format used in GNASH to a standard mesh that uses narrower bins at

low secondary-neutron energies and progressively wider bins at higher energies.

It also generates the Kalbach-Mann angular distributions for the (n,2n) and

(n,3n) spectra, using the pre-equilibrium fractions transmitted by CONSOL. Fi-

nally, it truncates the last bin in each spectrum to conform to the kinematic

limit.

Figures 17 and 18 illustrate the rebinned spectra for neutrons and photons,

respectively. The inelastic-neutron spectrum in Fig. 17 is the 12-MeV spectrum

shown in Fig. 10 multiplied by the photon-production cross section at that energy.

Since the (n,n’) spectrum already has associated angular distributions, de-

rived partly from discrete transitions with explicit angular distributions and

partly from Kalbach-Mann systematic, the inelastic angular distribution is re-

binned simultaneously with the spectrum, using the same weights as are used for

the spectrum. Similarly, the pre-equilibrium fractions for the (n,2n) and (n,3n)

spectra are rebinned jointly with the spectra themselves, in order to ensure sub-

sequent generation of the correct angular distributions for each new bin.

D. Final Output Files

All of the final output arrays generated by SIGMA are stored in binary out-

put files for future use. In addition, they are reduced to ENDF/B (version 5)

format for ready distribution to users. Use of ENDF format poses a problem for

any data set that relies on the Kalbach-Mann systematic for secondary-neutron

spectra because File 6 formats for coupled energy–angle distributions rely on

either specified analytical forms or tabular representations of spectra associated

with each point on an angular distribution. The Kalbach-Mann representation, on
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the other hand, attaches an angular distribution to each bin in a tabulated spec-

trum. Pending the approval of proposed new formats for File 6, the ENDF/B form

of our results currently (August 1981) avoids using File 6, and instead simply

has integrated angular distributions in File 4 and integral spectra in File 5.

v. Capture Cross Sections

We have pointed out in Section I that our calculations show that the cap-

ture cross section of
239

Pu fission fragments is substantially larger than that
of 235

U fission fragments at almost all energies between 10-5 eV and 20 MeV. A

complete comparison appears in Fig. 8.* For slow neutrons this is an obvious

result of the fivefold greater yield of the ground state of 135
Xe from

239PU

fission. Because our weighted averages employ only 10 nuclides each, we have

examined the results in more detail to determine whether the factor-of-two

difference above 1 keV is caused by the chance behavior of a single nuclide that

contributes disproportionately to the average

We note that the neutron separation energy in the A+l nuclide is systemati-

cally slightly larger for the Pu fragments than for the U fragments, which leads

directly to the resulting difference in cross sections. At En = 1 keV, only

two of our sample targets for uranium have capture cross sections greater than

0.1 barn; for plutonium there are four. Furthermore, most of the capture cross

section in both averages comes from isotopes of zirconium, but zirconium occurs at

239Pu and at the upper half-height pointthe top of the light-fragment peak for

23% (see Fig. 1).of the corresponding peak for Thus , the systematic difference

in capture cross section can be attributed to the slight displacement of the

239Pu fragments towards higher neutron and proton numbers, relative to the 50-

proton closed shell and the closed shells at 50 and 82 neutrons.
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APPENDIX

MODIFIED KALBACH-MANN LEGENDRE COEFFICIENTS

By least-squares fitting to secondary-neutron angular distributions between

20 and 60 MeV, Kalbach and Mann* have derived a simple technique for predicting

such distributions with reasonable accuracy. For values of t up to 8, they find

that the ENDF/B coefficients can be represented by

f2=bt(rD+rC6) .

Here, rD and rC are the multistep direct and multistep compound-nucleus fractions

(rD + rc = 1), 6 is zero for odd g and unity for even E, and bg is given by

the universal expression

b~ =
1 3

1 + exp[AR(Bg - E)]

in which

Al = 0.036 + 0.0039 I(R+ 1),

Bg =92- 90 41(1+ 1) $

and E is the energy of the secondary neutron. By defining

u = AfE

and Cg = AgBg,

we can reduce the expression for bg to the simple form

/
bl = 1 (1 + Cgew). A-2

From its form it is clear that bl is always greater than zero. In

particular, bl(0) = 0.2241, which implies substantial forward peaking of the

slowest neutrons. The data fitted by Kalbach and Mann, on the other hand, show

bl(0) = O, and do not rise as high as the line given by Eq. (Al) until about E =

.

kc. Kalbach and F. M. Mann, “Phenomenology of Continuum Angular Distributions
I. Systematic and Parameterization,” Phys. Rev. C ~, 112 (1981)”
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30 MeV. Accordingly, we have modified their prescription to eliminate the

excessive forward peaking.

Our modification consists of drawing a straight line through the origin that

is tangent to b~, and substituting it for Eq. (A-1) at energies below the point

of tangency. The find the point of tangency, we set

db2/dE = b~AgC1exp(-AkE) = b2/E ,

and recall that AgE = u. We find that the straight line is tangent to the

curve at the point where

u = 1 + e“/CE A-3

for any E. Equation (A-3) can be solved very rapidly by iteration, starting with

a trial value of u = 1, except for L = 1, for which there is no solution.’ This

results in the constants given in Table A-1, in which the point of tangency is

(Et,bt).

The ‘lS”shape of the data for bl is readily approximated by dividing bl in

Eq. (A–2) by the factor 1 + exp[5(0.5-u)], which reduces the value of bl(0) to

0.0170 and is less than 2% smaller than Eq. (A–2) at 30 MeV.

In practice, we truncate the sequence after the last even value of !.for

which the coefficient is greater than some threshold (e.g., 10-3). The behavior

of the modified coefficients up to 100 MeV is shown in Fig. 11.

TABLE A-1

CONSTANTS IN THE MODIFIED KALBACH-MANN RELATIONS

E A

1

2

3

4

5

6

7

9

0.0438

0.0594

0.0828

0.1140

0.1530

0.1998

0.2544

0.3168

abbreviation

B

28.360

55.258

66.019

71.875

75.568

78.113

79.973

81.393

for 2.6637 x 101.

c

3.4632

2.6637+la

2.3661+2

3.6184+3

1.0502+5

5.9979+6

6.8518+8

1.5793+11

E+

18.671

12.218

8.7785

6.5361

5.0050

3.9308

3.1566

b+

1.0267-1

1.1489-2

7.5123-4

2.5882-5

4.5321-7

3.9672-9

1.7212-11
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