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This progress report describes the activities of the
Los Alamos Nuclear Data Group for April 1 through June 30,
1981. The topical content is summarized in the Table of
Contents.

I. TEEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. R-Matrix Analysis of p-28Si Scattering [G. M. Hale and D. Hoyle (University
of Washington)]

In the course of studying the giant Gamow-Teller resonance in the 8+ decay

of moderately light nuclei, Adelberger’s group at the University of Washington

has made extensive cross section and analyzing power measurements for protons

incident on several Z = N targets. We are doing an R-matrix analysis of some of

these data in order to check the Jr assignments for the resonances, using the

general capabilities of the Energy Dependent Analysis.

The data comprise more than 7200 “measurements of cross sections and analyz-

28Si scattering at energies between 2.6 and 5.2 MeV.ing powers for p- We have

included 23 levels in this region, starting from resonance parameters found by

Ikossi (U. of Washington) in fitting the same data. Examples of the preliminary

fit are shown in Figs. 1 and 2 for cross sections and analyzing powers at 117°.

Most of the structure in the measurements is accounted for by the levels in-

cluded, but some questions remain concerning normalizations and the lack of

agreement at energies around 5.1 MeV.
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Fig.1.

R-matrix fit (solid curve) to the cross-section excitation measured at 117”
by the University of Washington group.
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R-matrix fit (solid curve) to the ●nalyzing-power
117” by the University of Washington group.
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B. Verification of Parameters Needed for 87$8% + n Calculations (E. D.
Arthur )

In our calculations of neutron-induced reactions on proton-rich yttrium

isotopes, an attempt was made to minimize effects arising from uncertainties in

various input parameters through a consistent analysis of neutron experimental

data available for several stable and unstable yttrium and zirconium isotopes.

However, further information is still needed to reduce remaining unknowns occur-

ring in calculational parameters for such unstable nuclei. For example, the

87Y(n,np + npn) cross section around threshold is extremely sensitivecalculated

to 87Y level density parameters and gamma-ray strength functions used in the

calculation.

A possible independent source that may provide guidance for such parameters

would be excitation functions measured for charged-particle reactions on

strontium isotopes. The most suitable candidates would apparently be

87>88Sr(p,xn) reactions. A literature search found measurements2 only of

88Sr(p,xn) cross secti”ons,and these appear in error because measured (p,n) and

(p,n) + (p,2n) sums often exceed plausible values 3 for the total proton reaction

8%r(d,xn) reactions are possible, but direct-cross section. Analysis of

reaction effects play an important role in the theoretical description.

a%b(a,xn) reactions wereAlso, no suitable published data exist. Finally,

considered but difficulties occur because such alpha-induced reactions lead to

different spin distributions populated for the inftial compound system over that

obtained with neutrons or protons. Additionally the production of the 87s88Y

nuclei of interest occurs through (a,2n) and (a,3n) reactions at high energies>

a situation that increases the difficulty of the calculations.

It appears from our literature search, therefore, that new measurements

would be necessary to provicle the level density information described above.

Although 88Sr(p,xn) and 87Sr(p,xn) reactions appear to offer the best possibili-

ties, calculations were made in which level density and gamma strengths were

varied to test the sensitivity of the calculated results. The most sensitivity

87Sr(p,n) reaction as shown in Fig. 3.occurs for the The change in this cross

section appears to be related to variations In the calculated (p,np) cross sec-

tion, which is strongly affected by the indicated parameter changes. On the

87Sr(p,2n) cross section.other hand, little change occurs for the Similar

changes in 87s8% level density or strength functions produced little change

88Sr(p,n) or 88Sr(p,2n) cross sections.in calculated

●

✎
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Fig. 3.

Variation of calculated 87
Sr(p,n) and (p,2n) cross sections to changes in

input parameter values. The solid curve represents cross sections talc -
lated using the parameters of Ref. 1; the dashed curve occurs when the E7y

level density is increased by approximately a factor of 2, coupled with a
doubling of the gamma-ray strength function normalization.



Because the primary cause of the sensitivity of the 87Sr(p,n) cross section

to these parameter changes appears to result from their effect on the (p,np)

reaction values, a more direct measure’would be a determination of the 87Sr(p,np

+ pn) cross section. Because this leads to the stable

radiochemical methods ‘cannot be used. However, Fig. 4

of the calculated proton production spectrum resulting
,

actions to the indicated parameter changes. The lower

spectrum results mainly from (p,np) reactions and shows greater than a factor of

2 change when the parameters are varied as shown. Since these low-energy pro-

tons are governed mainly by statistical processes, they should be symmetric

about 90°, thus simplifying possible experimental measurements. Finally, the

87Y compound system is reached in this reaction so that it represents a fairly

87Y(n,np) reaction.direct simulation of the

8%r residual nucleus,

shows the sensitivity

from 15 MeV p + 87Sr re-

energy portion of the

c. Deformed Optical Model Analysis of n + ~6%m Reactions (E. D. Arthur)
,.

A preliminary set of deformed optical model parameters was derived as an

16%m reactions.initial step in a complete analysis of n + Because 16gTm is

strongly deformed, it is physically more valid to employ deformed optical-model

calculations for neutron transmission coefficients rather than try to determine

equivalent spherical optical parameter sets that may be physically unrealistic

or only appropriate for a limited energy range. Thus coupled-channel calcula-

tions were made using the ECIS4 code In which the 1/2+, 3/2+, 5/2+, 7/2+, and

9/2+ members of the ground state rotational band were coupled together. Actu-

ally little pertinent data exist for thulium other than s-wave strength and

potential scattering radius values at low energies and total cross sections

between 2.5 and 15 MeV. Our initial step was to determine a deformed optical

16%0 for which ample data exist overparameter set for the neighboring nucleus

a wide energy range. Such parameters reproduced concurrently total cross

sections between 0.05 and 20 MeV, s- and p-wave strength functions, elastic

angular distributions, and 16–MeV proton scattering data to the ground and first

16% through use of an isospinexcited state. These parameters were applied to

term in the real and imaginary well depths along with adjustment of 132and 64

deformation parameters based on available systematic in this mass region.

Table I lists these resulting parameters along with 82 and f34values.

.

.

.
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The calculated proton production spectrum inclucedby 15-MeV protons on 87Sr

showing the sensitivity of the theoretical results to the parameter changes
described in Fig. J.
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TABLE I

DEFORMED OPTICAL PARAMETERS n + 16% *

r a

v = 46.87 - 0.25 E 1.26 0.63

w = -1.8 + 0.2 E
Vo1

1.26 0.63

‘so = 6“
1.26 0.63

below 6.5 MeV

‘SD
= 3.6 + 0.6 E

above 6.5 MeV

‘SD
= 7.5 - 0.1 (E - 6.5)

f32 = 0.288 64 = - 0.01

1.26 0.48

1.26 0.48

* All well depths are in MeV; geometrical parameters are in fm.

D. Statistical Model Calculations of the 16%m(n, y) 17%m Cross Section (P.

G. Young and E. D. Arthur)—

Within the framework of the Hauser-Feshbach statistical model, we have cal-

169Tm (n,y) reactionculated average cross sections for the

MeV. In such statistical calculations the compound nucleus

open channel cc? having angular momentum J and parity m can

~JIT = ~ ~2 <rc> ‘“ <rc,>JT s ‘m
cc ‘

<r>J” cc’

between 0.001 and 3

cross section for an

be determined from5

(1)

where

given

the widths <r> are determined from transmission coefficients specified by a

physical model. The width-fluctuation correction factor S~~, accounts
,.

for the fact that these partial widths are averaged over a Porter-Thomas chi-

square distribution. In our calculations such corrections were applied since“,

they are important at lower energies. As the number of open channels increases

rapidly at higher energies, the factor approaches unity above a few MeV.

.



The neutron transmission coefficients used in Eq. (1) were calculated from

the deformed optical model parameters described in the previous section. To

calculate gamma-ray transmission coefficients , we applied the Brink-Axel giant

dipole resonance (GDR) mode16 normalized to the ratio of the experimental val-

ues“’for the average gamma-ray width (<ry> = 0.084 eV) and S-wave resonance

spacing (<DO> = 7.3 eV) at the neutron binding energy. We later found it neces-

sary to increase the 2m<I’y>/<Do> ratio based on these values by 10% to get

16gTm(n,y) cross-section measurements.good agreement with Two Lorentzian

curves centered at energies of 12.1 and 15.5 MeV with widths 2.9 and 4.50 MeV

were used to describe the shape of the GDR appropriate for a deformed nucleus.

‘Theresulting gamma-ray strength function for 170Tm used in our calculations is

compared in Fig. 5 to that deduced by Joly et al. 8 from measurements of gamma-

ray spectra from capture. We did not include the resonance structure at

‘Y
= 3.5 MeV since our calculation of the integrated cross sections should

show a decreased sensitivity to such detail in the gamma-ray strength function.

A maximum amount of discrete level information was used for each residual

nucleus occurring in the calculation. Such information plays a particularly

important role in the description of inelastic scattering competition to the

capture cross section important at higher energies. To describe the continuum

of levels above the last discrete level, we employed the level density model of

Gilbert and Cameron. 9 This phenomenological model consists of a constant

temperature expression appropriate for lower excitation energies and a Fermi-gas

form at higher energies. Constant temperature parameters were adjusted to fit

data available for the cumulative number of levels,whereas the value of the

170Tm) through calculation of theFermi–gas parameter ““a’”was verified (for

s-ave resonance spacing at the neutron binding energy.

The calculated 16~m(n,Y) cross section is compared to experimental results

in Fig. 6 up to 1 MeV. At lower energies there is good agreement between the

calculation and experiment, indicating a proper choice for the gamma-ray

strength function normalization. Efforts are now under way to extend the

calculations to higher energies in order to compare to data available up to 3

MeV.

9
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The ’70Tm gamma-ray strength function (solid curve) used in the present
169Tm(n,y) meas-calculation is compared to that extracted from spectral
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urements by Joly et al.

10



.

en-.
m

-

0

L-i
uG0v-l
uvaJU

)

r-lcd
u

.
0.g

0—
0



23~u between O.01E. Statistical Model Calculations of Neutron Reactions on

and 5 MeV (E. D. Arthur)

We have begun Hauser-Feshbach statistical model calculations of neutron

reactions on 239Pu between 0.01 and 5 MeV, with particular emphasis on inelastic

scattering. To perform these calculations, we used the COMNUCIO Hauser-Feshbach

statistical model code that includes a simple representation of the fission

process using penetrabilities calculated with a single-barrier Hill-Wheeler.
‘1 Width-fluctuation corrections were also applied.expression. To provide

neutron transmission coefficients for these calculations, we used values

generated’ from the ECIS4 coupled;channel code employing deformed optical model

12 Transmission coefficients generated in such aparameters reported previously.

manner retain consistency between compound-nucleus contributions to inelastic

scattering cross sections and those from direct reactions.

To constrain the statistical model calculations in the absence of a plenti-

ful supply of experimental data for 239Pu inelastic scattering, input parameters

were optimized to reproduce data available for competing channels, particularly

for capture and fission. Fig. 7 compares our calculated fission cross section

to a representation of the average data trends over the energy range from 0.01

to 5 MeV. The bands represent 25% deviations from these trends. From this

analysis we deduced a fission barrier height of 5.85 MeV and a curvature of 0.85

MeV. An enhancement of the level density at the barrier (on the order of a

factor of 5-10) was observed in keeping with the interpretation of enhanced

rotational states resulting from asymmetries associated with the fission saddle

point. These parameters produce reasonable agreement over most of the desired

energy range (an exception being below 0.05 MeV) and agree well with the Back et

al.13 inner barrier height of 5.8 t 0.2 MeV, and~u = 0.8 MeV.

Figure 8 compares our calculated angular distribution for low-lying members

239Pu ground-state rotational band to recent data measured at Bruyeres-of the

le-Chatellq at an energy of 0.7 MeV. The theoretical curves include both

contributions from statistical model and coupled-channel calculations. Again

the agreement is satisfactory.

In summary, our initial Hauser-Feshbach calculations show reasonable agree-

ment with available experimental data. The validity of these calculations would

be improved if the fission channel representation in COMNUC were replaced with a

more realistic double-humped model. Such efforts are now under way. For 239PU

240Pu compound system liesthis is pertinent, as the outer barrier for the

12
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Fig. 7.

A comparison of the calculated fission cross section for
239

Pu (solid curve)

to a representation of the average trend of the data available for the239Pu
(n,f) cross section.
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approximately 350 KeV lower than the inner one, 14 and a more realistic represen-

tation may result in better agreement to the fission cross section for
239PU.

F. New Fission Neutron Spectrum Representation for Evaluated Nuclear Data

Files (D. G. Madla~d, R. J. LaBauve, R. E. MacFarlane, and P. G. Young)

On the basis of recent theoretical work on prompt fission neutron spec-

tra 15-20
9 we propose a new fission neutron spectrum representation for use in

evaluated nuclear data files. The predictive abilities of the new representa-

19s20 with experimentaltion have previously been tested by detailed comparisons

spectra, and the good agreement that has been obtained forms the basis of our

proposal. We summarize here a description Of the new representation, some com-

parisons with evaluated spectra, and the first test of its predictive ability in

integral benchmark calculations. Concurrently, a more extensive proposal docu-

ment is in preparation.

The new prompt fission neutron spectrum N(E) is based on nuclear-evaporation

theory and accounts 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 inverse process of compound-nucleus formation. We

simulate the energy dependence of the inverse process by adjusting the nuclear

level-density parameter to an effective value aeff. This simulation permits

N(E) to be expressed in the closed form

N(E) = ; (N(E,E;)+N(E,E;)) > (2)

where

11 - 3/2
N(E,Ef) = —

‘2
EI(u2) - U :’2E1(uI) + y(3/2,u2) -

]
Y(3/2,u1) (3)

3-

with E the laboratory energy of the emitted neutron, Ef the kinetic energy per

nucleon in either the light (L) or heavy (H) fragment, Tm the maximum tem-

perature of the fragment temperature distribution, El(x) the exponential inte-

gral, 21 y(a,x) the incomplete gamma function,21 U1 = (fi- @f)2/Tm, and

U2 = (~+ ~f)2/Tm. The exponential integral and incomplete gamma functions

are available as program library functions on any modern scientific computer.

15



The evaluation of N(E) requires three input parameters E;, E:, and Tm.

The first two parameters are obtained using the experimental results of Unik et

al.22 whereas Tm is given by

Tm=((<Er>+B +En-~
1/2

~Ot>)/aeff) s
n

(4)

23>24 Bn and En are the separa-where ~r> is the average energy release,

tion energy and kinetic energy of the neutron inducing fission, ~ftot> is

the total average fission-fragment kinetic energy, 21 and aeff = A/(10 MeV)

with A the mass number of the fissioning nucleus. This is the current value of

aeff based on our studies to date. E;, E;, and Tm can be calculated for

an arbitrary fissioning nucleus at a given excitation energy using Refs. 14, 16,

and 17.

In Figs. 9 and 10 we compare the shape of the new spectrum (LA-Theory) to

the shapes of Maxwellian (LA-Maxwell) and Watt (LA-Watt) spectra calculated for

the same system and constrained by theoretical considerations
15,17,19 to the

same value of the average energy <E> = 2.060 MeV. We also compare the new

spectrum to the evaluated National Bureau of Standards five-segment spectrum
25

26
with <E> = 1.977 MeV and the evaluated ENDF/B-V Watt spectrum with <E>

= 2.031 MeV. The shape differences among the five spectra are more clear in

Fig. 10 with the most significant differences involving the three spectra, which

reproduce various experiments (the new theoretical spectrum and the two evalu-

ated spectra).

A measure of the importance of the shape differences for these three spec-

tra has been obtained by calculating one thermal and one fast integral bench-

mark. The calculations were performed using ENDF/B-V cross sections and the re-

sults are given in Table II. These demonstrate (a) that the shape differences

between the spectra are significant relative to the standard deviations of the

integral experiments and (b) the fact that there was no adjustment in the Los

Alamos theory emphasizes its predictive capability.

In future work we expect to study the effects of the new fission spectrum

on a variety of uranium and plutonium systems of varying spectral hardness.

This work will further test the generality of the theory. For evaluation pur-

poses we expect to fit individual cases

density parameter aeff. This approach,

parisons with high quality experimental

16

by slight adjustments in the level- ,

however , will require extensive com-

measurements for each individual case.
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son in the integral benchmark calculations discussed in the text,
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EFFECTS OF DIFFERENT FISSION

Test

TABLE 11

SPECTRUM (X) MODELS FOR TWO INTEGRAL BENCHMARKSa

ORNL-lc ENDF/B-V

ORNL-1 NBS

ORNL- 1 LA-Theory

ORNL- 1 Experiment

GODIVAd ENDF/B-V

GODIVA LA-Theory

GODIVA Experiment

a ORNL-1 is a uranyl-nitrate solution
GODIVA is an enriched uranium metal
Ref. 27).

k Fission Ratiob

0.99995 2.833 X 10-4

1.00292 2.728 X 10-4

0.99736 2.917 X 10-4

1.00026

1.00015 0.1694

1.00183 0.1762

l.O * O.OO1 0.1647

sphere dominated by thermal fission, and
sphere dominated by fast fission (see}

b 238U(n,f)/ 235U(n,f) at center of assembly.

c 69 groups, P3/S8, 40 intervals, for all ORNL-1 calculations.

d 30 groups, P4/S16, 40 intervals, for all GODIVA calculations.

G. Calculation of Excited State Cross Sections for Actinide Nuclei (David G.

Madland)

Work is continuing on the development of the excited-state coupled-channel

28 Four states of a rotational band can now be coupled for thecode JUPXST.

excited state problem. In addition, the integrated cross sections for all

coupled states are calculated, and the multipole expansion of the deformed

potential has been extended from A = 4 up through A = 8 for both the real and

imaginary central terms. The next step is to perform an actual calculation over

an energy range of about 10 keV to 10 MeV for a target nucleus in both the

ground state and in the first excited state.



II. NUCLEAR CROSS-SECTION PROCESSING AND TESTING

A. Los Alamos National Laboratory - Benchmark Calculations (R. B. Kidman)

29 for nine Los Alamos NationalThe new and revised benchmark specifications

Laboratory critical assemblies are being employed to compute the entire set of

parameters that were measured in the experiments. A comparison between the com-

puted and experimental values should provide a measure of the adequacy of the

specifications, cross sections, and physics codes used in the calculations.

Part of the effort has been to determine eigenvalue behavior as a function

of Legendre scattering order and as a function of angular quadrature. The re-

sults, shown in Tables 111 and IV, were computed with transport theory30 using

infinitely dilute cross sections and 70-group vector fission sources. The cross

31 from ENDF/B-V32sections and fission source data were generated with NJOY

data. Pi/2 refers to the results of using transport corrected P. cross sec-

tions. Accurate Pm and S- eigenvalue

tables.

If one assumes that improvements

trices will not change the eigenvalue

estimates can be produced from these

like self-shielding or fission source ma-

behavior significantly, then the results

in Tables III and IV can be used to convert more refined calculations to

P-SW results.

B. Processed Multigroup and Few-Group Cross Sections [(W. B. Wilson, T. R.

England, R. J. LaBauve, R. M. Boicourt, N. L. Whittemore, and R. E.

Schenter (Hanford Eng. Development Lab.)]

For use in a wide variety of applications, all ENDF/B-V fission product and

actinide cross sections have been processed into 154 groups using the NJOY

code31 at three temperatures, and additionally, three or more Bondarenko back-

ground cross sections have been used to simulate self-shielding in the acti-

nides. The multigroup structure and a collapsing code are described in a docu-

ment completed during this quarter and sent to the Electric Power Research

33 The multigroup li-Institute (EPRI) for final publication and distribution.

brary contains =223 059 card records; this library and a collapsing code are

described in the document.

*

.
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For inclusion in a general reference document3b listing major decay, yield,

and absorption parameters, the cross sections were collapsed to one group in six

fast reactor spectra and into four groups using a typical LWR thermal reactor

spectra. The four-group structure is described in Table V and the LWR spectrum

is listed in Ref. 34. The fast weighting functions used in collapsing the cross

sections cover a wide range of fast spectra typically in use for various

reactors in the core and, in one case, the softer spectra in the reflector

region. The.1 KMW core values are used in general survey calculations. The

four-group thermal values can be used for almost all commercial LWRS provided

that the effective thermal cross section in multiplied by <ul/v>, which is the

average of a l/v dependent cross section that is unity at 0.0253 eV. (In the

spectra used in processing and collapsing, this average is 0.554018.) This

procedure effectively accounts for variations in the thermal spectra of various

reactors.

The one and four group values are all based on a collapsing of the infi-

nitely dilute multigroup values processed at 900”F. That is, all values are

Doppler broadened for this temperature, but there is no self-shielding.

Few-group values for all 237 nuclides, cross sections, and resonance integrals

will be tabulated in a forthcoming report.

TABLE V

FOUR GROUP ENERGY STRUCTURE

Group Energy (eV)

1
8.20850 X 105

2
5.53085 X 103

3
6.2506 X 10-1

4
lo-s

.

.

c
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c. Integral Cross Sections in Three Representations of the 25kf Spontaneous

Fission Spectrum (R. J. LaBauve, D. G. Madland, R. E. MacFarlane, P. G.

Young, and R. M. Boicourt)

Three representations of the 25kf spontaneous fission spectrum were used

as weighting functions in calculating several integral cross sections for which

The 25~f s.f. spectrum representations usedgood measurements are available.

include the NBS 252Cf spectrum 35 and two Los Alamos theoretical models, namely,

an ‘“exacttheory” and an approximate model that is more suitable for inclusion

in ENDF (see sec. I.F. p. 15). It should be emphasized that the parameters used

in the Los Alamos models so far have not been adjusted to fit experimental

25Qf s.f. spectrum measurements.

The NBS representation of the 252Cf s.f. spectrum x(E) consists of five ~

segments given by a reference Maxwellian ~f(E) times a correction term B(E)

defined for each of five energy ranges as follows.

x(E) = P(E) ~f(E), where

Mcf(E) = 0.6672 ~exp(-1.5E/2.13), E in MeV

and

from 0.0 to 0.25 MeV B(E) = 1 + 1.20E - 0.237

from 0.25 to 0.8 MeV P(E) = 1 – 0.14E + 0.098

from 0.8 to 1.5 MeV B(E) = 1 + 0.024E - 0.0332

from 1.5 to 6.0 MeV P(E) = 1 - 0.0006E + 0.0037

above 6.0 MeV l.I(E)= 1.0 exp[-O.03(E - 6.0)]/1.0 .

25%f s.f. spectrum representations areIn Fig. 11 the two Los Alamos

compared as ratios to the NBS representation.

In Ref. 36 several accurate measurements of spectral indexes in the
252Cf

s.f. spectrum are discussed; that is, the ratios of the integral cross sections

in the 252Cf spectrum for several reactions are given as ratios to the integral

238U(n,f) cross section. These spectral indexes can be transformed into

238U(n,f) crossintegral cross sections by using a value for the integral

25%f s.f. spectrum as measured by Gilliam. 37 The integral cross-section in the

section values so derived can then be directly compared with calculations using

25kf .s.f.fissionthe two Los Alamos models and the N8S representation of the

spectrum. Results comparing experimental to calculated values are given in

Table VI.

23



Threshold

Reactions

ll%n(n,n’)

‘7Ti(n,p)

‘%i(n,p)

5’Te(n,p)

‘%’i(n,p)

‘%e(n,p)

‘%i(n,p)

27Al(n,a)

Non-Threshold

Reactions

23%(n,f)

197Au(n,y)

23%l(n,f)

23%u(n,f)

237Np(n,f)

24

TABLEVI

INTEGRALCROSSSECTIONS(rob)INTHREE25%f S.F.SPECTRA

.

Observed

t (la)

195. 25.

19.6 tO.5

118. 3.

87.4 ti.1

14.2 fl.4

1.45io.04

0.424i0.011

1.027ti.023

319. ?8.

81. *1.9

1205. *27.

1802. *4O.

1332. f17.

Average

N

;alculated

182.

24.1

114.

88.3

13.5

1.41

0.409

1.059

313.

76.7

1236.

1792.

1352.

I

C/E

0.933

1.230

0.996

1.010

0.951

0.972

0.965

1.031

0.981

0.94;

1.02(

o.99~

1.01!

LA Exact

Calculated

190.

25.7

122.

94.6

14.7

1.59

0.465

1.207

329.

72.9

1237.

1799.

1385.

~
CIE

0.974

1.311

1.034

1.082

1.035

1.097

1.097

1.175

1.031

0.900

1.027

0.998

1.040

1.061

193. 0.990

26.2 1.337

125. 1.059

96.8 1.108

14.9 1.049

1.58 1.090

0.456 1.075

1.183 1.152

334. 1.047

72.3 0.893

1237. 1.027

1800. 0.999

1390. 1.044

1.067



All cross sections used

metry files38 and processing

verified by R. Seamen and R.

ures 11-24 show the ENDF/B-V

spectra.

.

I,.

in the calculations were taken from ENDF/B-V dosi-

31 The results werewas done with the NJOY code.

Little of Los Alamos using the MARK code. 39 Fig_

microscopic cross sections compared with the three

The agreement between calculation and experiment seen in Table VI is quite

good, especially for the NBS representation. The agreement for the Los Alamos

spectra could undoubtedly be improved by adjusting the theoretically derived

parameters used in the models.

Of course, these calculations are also a check of the validity of the

ENDF/B-V dosimetry data; the 47Ti(n,p) and 197Au(n,y) cross sections are the

most discrepant. It should be noted, however, that in another analysis of meas-

‘Skf s.fo spectrumjured integral neutron cross sections in the 40 a value of

1g7Au(n,y) integral cross section.76.2 f 1.8 mb is given for the Other values

given in this analysis agree more closely with those derived from Ref. 35.

One additional recent measurement was also used in comparing the three rep-

63Cu(n,a) integral cross252Cf s.f. spectrum.resentations of the This is the

41 These observers obtained a value of 0.709section measured by Winkler et al.

f 0.017 mb, which is to be compared with calculations using ENDF/B-V microscopic

cross sections of 0.758 for the NBS spectrum, 0.850 for the “exact”’and 0.844

252Cf s.f. spectrum models.with the “approximate” Los Alamos Comparison of the

63Cu(n,a) cross section with the three spectra is shown in Fig. 25. All meas-

urements will be useful in future checking of adjusted parameters for the Los

Alamos models.

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

A new version of NJOY is in the final stages of preparation, and it in-

cludes a number of new features. The formatted output routine has been modified

to output numbers in the form ?n.nnnnnn?e when only one digit is required for

the exponent field. This allows increased precision in resonance reconstruction

for materials like 23~o The RECONR module now has NDIGIT as an input parameter

for user convenience. Values of 6 or 7 are normal, but even more digits can be

used if formatted output is not required. The resonance reconstruction algo-

rithm in RECONR has also been modified to include a resonance integral check in

addition to the normal check for linearity within a specified tolerance. In

addition, some of the loops were reorganized to be vectorizable by the Cray

FORTRAN compiler (CFT).
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The Doppler broadening module was also modified for vector processing and a

faster calculation of the complementary error function was installed. It has

long been known that BROADR destroys the infinitely dilute unresolved cross

sections on the RECONR PENDF tape. This has not been a serious problem because

these numbers were not used in the multigroup calculation. However, they do

appear in the ACE library used by the MCNP continuous-energy MONTE-CARLO code.

TO correct this small error, UNRESR has been modified to replace the unresolved

cross sections on the BROADR PENDF with corrected values.

Another change related to unresolved cross sections was made in GROUPR.

The GETUNR routine now interpolates in the table of unresolved shielding factors

to find the U. values requested in the GROUPR input. This means that the U.

grid used in GROUPR can be different from that used in UNRESR. This feature

would normally be used to insert additional U. values (for example, 50 b for

238U) in GROUPR for cases where the resolved range is especially important and

in which the self-shielding effects in the resolved range are very large.

The nuclear heating and radiation damage calculations in HEATR now include

the momentum-balance correction to capture recoil described in the last

quarterly report. Because total energy is no longer conserved with this change,

a diagnostic message has been provided to compare the total energy available to

the capture photon spectrum with the Q*value for the capture reaction. If this

difference 1s not negligible, the user would expect to see errors in heating in

large sytems, although the results for small systems would be better than those

given by the older energy-balance method. As has been pointed out before,42 the

best solution to this problem is to improve the evaluations.

The specifications of input and output units have been changed to mike

future conversions to the FORTRAN-77 standard easier by adding local calls to

open (OPENZ) and close (CLOSZ) input and output files. These subroutines can

easily be modified to use the standard OPEN and CLOSE calls as they become more

available around the world. This change also reduces conflicts found on some

systems when the same “unit” is used for formatted and binary input and output

in different parts of the NJOY run.
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III. FISSION PRODUCTS AND ACTINIDES: YIELDS, DECAY DATA, DEPLETION, AND BUILDUP

235U and 239Pu Fission-Product ~- and y DecayA. Comparisons of Aggregate

Energies with Summation Calculations Based on Recent Libraries (T. R.

England, R. J. LaBauve, W. B. Wilson, D. C. George, and N. L. Whittemore)

43 Japan (JNDC--Recent evaluated data libraries in the USA (ENDF/B-V),

October 1980 Version),44 and the UK (UKFPDD-2)45 have incorporated extensive ex-

perimentally measured decay energies along with improved yields, branching frac-

tions, half-lives, and cross sections. The major USA library, ENDF/B-V, incor-

porates more detailed spectra and contains =70% more nuclides having experiment-

46 Figure 26 shows the aggregateally derived decay energies than did ENDF/B-IV.

23W fission pulse.experimental decay energy fractions vs time for a Values

are four to five times larger than those of ENDF/B-IV at 0.1 s cooling.

43-45 show a common discre-These three independently evaluated libraries

panty when used in summation calculations and compared with results of aggre-

gate decay power experiments. At short cooling times, the y decay power is

generally too small and the B- decay power is generally too large. This is il-

lustrated in Figs. 27 and 28 using the Dickens et al. integral experiments at

Oak Ridge National Laboratory47~48 as a basis for comparison. Other compari-

sons have been made; in particular, Jurney’s gamma measurements4g at Los Alamos

show good agreement with calculations, including the time range 103-104 s where

23% are smaller than calculations using these libraries.the Dickens data for

However, as noted in the next section of this report, the Dickens and Jurney

experimental gamma decay data are remarkably consistent for most time intervals.

The experimental data in these plots are reduced to values equivalent to

a fission pulse using the method described by Dickens in Ref. 47. For cooling

times comparable to, or shorter than, the experimental irradiation period, a

more accurate method (for example, Ref. 50) is required; this was needed in the

com-parisons made with the Los Alamos experiments following 20 000-s irradiation

periods. Results are given in the next section of this report.

One can, of course, compare the calculated decay energies following the

23% and 239PU beta andactual irradiation times. Figures 29-34 show aggregate

gamma component energies using ENDF/B-IV and -V and compare with the Dickens’

measurements for the three irradiation times he used. Earlier progress reports

have shown similar comparisons with Los Alamos measurements.
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Very few errors (none that are significant to the aggregate decay power)

have been found in the ENDF/B-V files. The CINDER-10 code library ‘l”based on

processing these files has been extensively checked for errors, and pulse

calculations have been independently verified.52

Based on the results in Figs. 27 and 28 for the two fuels differing greatly

in mass chain yields and isotopic distributions, one is forced to conclude that

differences are probably due to decay energies. In particular, the evaluated

experimental energies of individual nuclides, because of their dominance in the

aggregate calculations (Fig. 26), are likely deficient for some nuclides. This

has been a long-standing speculation,53 and the same speculation, based on

44,45,54 The speCtralsimilar comparisons, has been noted in recent work.

comparisons briefly noted in the next section strongly support the speculation.

The need to supplement some of the experimental energies of the individual

nuclides with a model calculation has already been assumed in compiling the

1981 Japanese data filess in which they note ‘“...that the complex beta-decay

schemes based on gamma-ray peak analysis and intensity balance should be re-

garded as doubtful from the viewpoint of completeness.” For nuclides having

Q-values >5 MeV, they used fitted parameters in a model based on the gross

theory of beta decay to replace f3-and y experimental energies. In Figs. 27

and 28, we have used the JNDC energies with, otherwise, all ENDF/B-V decay pa-

rameters. The improved agreement with these sensitive pulse cases for two

fuels differing greatly in fission-yield distributions is remarkable. These

results strongly indicate that yield and decay parameters in ENDF/B-V, other

than some decay energies of short-lived nuclides, are very good. We anticipate

making an improvement in aggregate decay energies similar to the result from

the JNDC file using model calculations and possibly using a recent unpublished

code.5’

These total energy comparisons have even stronger implication for L3-,y,

and antineutrino (v) spectra. In particular, the f3-and v energies are not

only smaller than previously supposed but the spectra are also softer (simi-

larly, the gamma spectra are generally harder than would be calculated with

ENDF/B-V files). The current conclusions regarding the v mass, based largely

on measured vs calculated reaction rates in the source spectra from reactors,

could be strongly affected by these results.

42



B. Integral Data Testing of ENDF/B Fission Product Data (D. C. George, R. J.

LaBauve, and T. R. England)

The data in the previous section are based on direct CINDER-10 calculations

of the aggregate beta and gamma decay energies. The activities from these cal-

culations are also being used to calculate beta and gamma spectra and to compare

these spectra with experimental data. The spectral comparisons provide addi-

tional detail; the summation of these spectra should agree with the direct cal-

culations. The comments and summed spectra in this section agree with the in-

formation in the previous section;, the spectral comparisons do show that the

calculated gamma spectra are generally too soft and the beta spectra generally

too hard at short cooling times.

The work reported in last quarter’s report, 57 comparing gamma-ray decay

energies calculated using ENDF/B-IV58 and ENDF/B-V5g fission product data with

decay energies experimentally measured,6&62 was expanded to include beta decay

235U and beta and gamma decay energies from 239Pu.energies from

Two additional calculations of decay energies were performed. The finst

was based on fission product spectra supplied by A. Tobias45 and is identified

on the following figures as UK. The second normalized the ENDF/B-V fission pro-

duct spectra to the average total energies supplied by the Japanese Atomic

Energy Research Institute63 and is identified as ENDF-J.

Figures 35 through 38 show typical spectral comparisons. The following ob-

servations can be made from such comparisons.

(1) The experimental data60-62 are consistent.

(2) No method of calculating the decay energy spectra fits the experi-

mental data very well.

(3) In general, experimental gamma decay energies at short cooling times

(<100 S) =e low at low energies (<0.8 MeV) and high at high energies

(>1.6 MeV) in comparison to calculated energies.

(4) In general , experimental beta decay energies are ‘high for all cooling

times for low energies (<1.4 MeV) and low for high energies (>1.8

MeV ).

A report describing this work is in preparation.
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c. Neutron Capture Branching Fractions (T. R. England, W. B. Wilson, and N.

L. Whittemore)

In summation and depletion codes, the (n, gamma) branching fractions (de-

scribing reaction cross sections producing isomeric states) are required where

there is extensive neutron capture. In ENDF/B-V the energy-dependent branching

fractions are given in File 9 (MF = 9) for only three actinides and no values

are given for the fission products; yet such data can be very important, parti-

cularly in thermal reactors. For example, the branching producing 148mPm

from 147Pm nearly doubles the amount of 149Sm that would be produced from the

mass 149 fission yield.

In Table VII we have listed the 196 fission products and 41 actinides

having cross-section evaluations, along with Column NB identifying the number

of explicit isomeric plus ground states and with approximate (n, gamma)

branching values. These are not ENDF/B-V; the values have been generated using

reaction cross sections from a variety of sources. Such cross sections are

actually energy dependent, but this dependence is not usually known; however,

when values are displayed as a branching fraction, the dependence is usually

weak. We recommend the fractions in Table VII for use in summation codes.

Here Bl, B2, B3 refer to the branching to the ground, first and second isomeric

states, respectively.

D. ENDF/B-V Reference Data Report [T. R. England, W. B. Wilson, R. E.

Schenter (Hanford Engineering Development Lab.), and N. L. Whittemore]

Several minor Codes have been completed and used to process, abstract, and

prepare a final listing of the major decay and yield parameters for the 877

fission products and 60 actinides in ENDF/B-V Mod “O.’” This extensive listing

of completed data is the primary part of a final reference document. 64 The re-

cently completed cross-section tables and

in the previous two sections), as well as

essary tabular data for the final report.

user with a single, compact desk document

data.

(n, gamma) cross sections (described

mass chain yields, complete all nec-

The intent is to provide the general

listing the most often requested
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E. Neutron Production in UO#2 from the Spontaneous-Fission and Alpha Decay of

U Nuclides and Subsequent 17~l%(a,n) and l%(a,n) Reactions [W. B.

Wilson, R. T. Perry (Penn. State U.), J. E. Stewart (Q-l)]

The Gas Centrifuge Enrichment Program effort within the Safeguards Assay

Group (Q-1) at Los Alamos has requested the neutron source strength of U02F2, a

solid reaction product of UF6 + H20 that may be deposited within an enrichment

process. Alphas emitted from 234-23% decay are in the initial energy range

4.04 MeV < Ea < 4.77 MeV and have a short range assumed much smaller than the——

dimensions of a U02F2 deposit. The (a$n) neutron source may then be described

by the thick target neutron production function

E

( )s

a ui(E)
P(E ) = ib —dE,

i=l
c(E)

o

(5)

where

()

‘i is the number density fraction of nuclide i,
N

CJi(E)is the (a,n) cross section of nuclide i,

and c(E) is the stopping cross section of the material.

17~180(a,n) cross sectionsWe have previously evaluated the 65 from

available data66-69 for use in calculations of the neutron source character-

l%(a,n) cross sections65 We have also taken theistics of spent oxide fuels.

of Balakrishnan 70 to describe the neutron source properties of UF6.71 These

earlier calculations required functional expressions for the stopping cross

sections c(E) for solid O, F, and U; these may be co’mbined to form the stopping

cross section using the Bragg-IU.eeman approximation72

c(E) = :> ej(E) ,
j=l

where ~ is
N

and c is the
j

the number density fraction of element

stopping cross section of element j.

(6)
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.

4

,

AH required 17~180(a,n) and l%(a,n) cross-section data and O, F, and U

stopping cross-section functions are given in Refs. 65 and 71. These are used

170 180 and l%? contributions to P(Ea) at thein Table VIII to evaluate the , ,

initial energy of each alpha particle emitted from
23&23~. The decay inten-

sities are combined with P(Ea) values to determine total (ajn) neutron produc-

tion per U-nuclide decay. These results are then combined with the number of

spontaneous-fission neutrons per decay from Ref. 65 to give the total neutron

production per U-nuclide decay. Finally, these values are combined with the

decay constant A and atomic weight A of each U nuclide to determine the total

neutron production rate per gram of U nuclide in U02.

u

uclide

34U

3%

3%

3q$

A E=

See-1) (MeV)— —

.9800-144.603
4.721

.1209-17

4.773

4.155
4.218
4.274
4.327
4.329
4.363
4.367
4.382
4.398
4.417
4.4.40
4.505
4.558
4.660

.3808-164.333
4.444
4.492

.9159-184.041
4.150
4.199

TABLEVIII

SPONTANEOUS-FISSIONAND (a,n)NEUTRONPRODUCTIONIN U02F2

Intensity

(%/Decay)

0.00299
0.27916
0.71785

0.00899
0.05697
0.00400
0.02998
0.00210
0.00350
0.17989
0.00300
0.56966
0.03998
0.00700
0.01199
0.03698
0.04596

0.00259
0.25933
0.73808

0.00100
0.11488
0.88412

P(E_)(neutrons/a-particle)
i7&-

6.71-10
7.37-1o
7.65-10

4.90-10
5.26-10
5.47-10
5.69-10
5.70-10
5.84-10
5.86-10
5.91-10
5.96-10
6.02-10
6.10-10
6.30-10
6.47-10
7.03-10

5.72-10
6.11-10
6.26-10

4.22-10
4.87-10
5.18-10

180

8.01-9
9.09-9
9.40-9

4.51-9
4.81-9
5.28-9
5.68-9
5.70-9
6.00-9
6.04-9
6.20-9
6.40-9
6.60-9
6.81-9
7.15-9
7.57-9
8.59-9

5.73-9
6.85-9
7.11-9

3.98-9
4,49-9
4.71-9

19p

6.01-7
7.59-7
7.96-7

2.90-7
3.16-7
3.57-7
3.74-7
3.96-7
4.15-7
4.18-7
4.25-7
4.34-7
4.43-7
4.56-7
5.18-7
5.53-7
6.84-7

3.99-7
4.58-7
5.05-7

2.36-7
2.88-7
3.07-7

Total

6.10-7
7.69-7
8.06-7

2.95-7
3.21-7
3.63-7
4.00-7
4.02-7
4.22-7
4.25-7
4.32-7
4.41-7
4.50-7
4.63-7
5.26-7
5.61-7
6.93-7

4.05-7
4.65-7
5.13-7

2.40-7
2.93-7
3.12-7

Neut]

I
)f,a,n

1.82-9
2.15-7
5.78-7
7.95-7

2.65-9
1.83-8
1.45-9
1.20-8
B.45-10
1.48-9
7.64-8I
1.30-9‘
2.51-7
1080-8
3.24-9
6.30-9
2.08-8
3.19-8
4.46-7

1.05-9
1.21-7
3.78-7
5.00-7

2.40-10
3.37-8
2.76-7
3.10-7

mm lDe

S.F.*

2.17-1

3.74-9

2.29-9

1.10-6

r

rOtd

?.95-7

b.50-7

5.02-7

1.41-6

-7zj--
I+uclide
.nUO F

1.84+2

3.60-2

1.2oto

1.75-2

%Spontaneous-Fissionvalues fromLA-8869-MS
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