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APPLIED NUCLEAR DATA RESEARCH AND DEVELOPMENT
QUARTERLY PROGRESS REPORT
April 1 - June 30, 1980

Compiled by

C. I. Baxman and P. G. Young

ABSTRACT

This progress report describes the activities of the
Los Alamos Nuclear Data Group for the period April 1 through
June 30, 1980. The topical content is summarized in the Table
of Contents.

1. TEEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. Non-Orthogonal Channels in R-Matrix Theory (G. M. Hale)

One of the traditional assumptions of R-matrix theory is that the two-body

channel functions upon which the wavefunction is projected at the channel sur-

face are orthogonal in the region external to the surface, even for different

arrangements. This assumption appears to hold for channel surfaces drawn at

radii close to the sizes of the clusters in systems having moderately large num-

bers of degrees of freedom, but one might expect it to break down in systems

(light nuclei) or for mechanisms (direct rearrangements)having few degrees of

freedom. We suspect that evidence for this breakdown is showing up in the ab-

normally large channel radii required in our R-matrix analysis of p-3He and p-p

scattering, especially to fit the low-energy data.

We are studying this problem in the simplest and most extreme case, that of

three particles and two (two-body) arrangement channels. This configurationalso

can be used to describe single-particle exchange contributions to reactions

among more than three particles. Using the notation c1 = (1,23) (particle 1

separated from a bound state of particle 2 and 3) and C3 = (3,12), one can see



that the reaction cl+ C3 amounts to the transfer of Particle 20 Even if one

assumes that the internal eigenstates 1A) of the system satisfying R-matrix

boundary conditions are channel l-type cluster states, they have non-zero

projections Yc3A = (c31A) on the channel 3 surface due to the non-

orthogonality of c1 and c3. One obtains an expression of the form

Y ~= [Yc ~q (E@3)+ (c31v31~)l/ [1-13 (Ex,B3)l $
C3 1

c ~= (CIIA) iS the (presumed large) projection of 1A) on the channel 1where y

surface &nd -B3 is the energy of particles 1 and 2 bound in channel 3 by po-

tential V3. The integrals 11 and 13 are complicated, but they tend to be

large as EA approaches the “exchange pole” energy

1Ex=-— ‘1 ‘3
l-a ‘3’ a = (ml+ m2)(ml+ m2) ‘

and thus give yc ~= -yc ~in the limit EA+EX.
3 1

B. The %i Compound Nucleus (D. C. Dodder and G. M. Hale)

The %i compound nucleus and its mirror twin %e are major objects of ex-

perimental studies because of their importance in practical energy-producing

fusion processes as well as their intrinsic scientific interest. Because of the

spins of the particles (d + %e in the case of %i) most often used in the di-

rect preparation of the compound nucleus, both the experimental programs and the

theoretical interpretationof them are very complicated. The experimental appa-

ratus is formidable, utilizing polarized particle beams and targets, while the

theoretical analysis uses a complex R-matrix fitting code EDA developed at Los

Alamos Scientific Laboratory (LASL) specifically for problems of this kind.

The scope of the problem is seen by considering the data base. There are

three fundamental processes: %e(d,d) %e; %e(d,p) “He; and %e(p,p)%e. The

total number of types of experiments,most as functions of excitation energy and

and scattering angle, is 34. Some of them are differential cross sections, Po-

larizations, polarization correlations, and polarization transfers, with the Po-

larization experiments involving vector and tensor polarizations. Over the

2

.



energy range we have considered up to now, from’low energy “He(p,p)%e elastic

scattering up to %e(d,d)%e and %e(d,p)%e processes with 10 MeV laboratory

deuteron energies, there are now about 320 angular distributions at various

energies in the data base with over 3500 data points.

For some time we have had a semi-quantitativedescription of this entire

data base which reproduces almost all of the complicated angle and energy

dependence of the various experiments. This result is tantalizing and not

completely satisfactory for two reasons. The first is that one purpose of our

analysis is to provide reliable quantitative predictions of the cross sections

of practical interest. The other is that the theoretical approach we are using

should, using the correct values of certain parameters that we are able to

adjust, describe the experimental results with great accuracy.

1.

2.

3.

4.

the

A number of possible causes of the discrepancies come to mind.

The data is possibly inaccurate. In particular, the consistency
the different channels has been suspect.

of data in

The parameterization is not sufficiently flexible. The theory in principle
requires an infinite number of parameters. The choice of a finite set is
an approximation; and although we think we know how to do this in a good
way, we may have not been clever enough.

The present solution is not correct. It is well known that single energy
phase-shift analyses often have many spurious solutions in addition to the
correct one. It is conceivable, although we have never seen an example,
that an energy dependent analysis could find a false minimum by finding
different spurious solutions at different energies.

The minimization process is not yet finished. This problem is so large
that an inordinate amount of computer time would be required to reach final
convergence of the data fitting process. It is only a selective judgment,
based on other problems, when to abandon the minimization attempt and
assume that further significant progress is unlikely.

Recently a number of considerationshave refocused rigorous attention on

%i problem. There has been renewed interest in the %e(d,p)%e reaction as

a neutron-free thermonuclearenergy source. In addition, a number of new

experiments are finished or nearing completion. Finally, the EDA program has

been brought up on CRAY, whose larger fast memory allows an increased scope to

the problem, including possibly the inclusion of more adjustable parameters.

The new work has been designed to try to find the causes of our previous

discrepancies and has proceeded along several lines. First, the new data,

3



primarily many experimental results from ETH at Zurich on the %e(d,d)3He pro-

3He(d,p)%e process, have beencess and the new results from Ohio State on the

included in the general analysis. Secondly, improved wisdom about the choice of

parameters, gained from other problems, has been brought to bear. Finally, a

number of subsidiary analyses using reduced data sets have been made. The

results, still preliminary, are as follows.

Of the possible causes, only No. 3 is probably not involved, although

No. 4 is probably not a major contributor. In particular, it is clear that the

data are not entirely accurate or consistent, but it is also clear that incon-

sistency between channels is not the primary problem, if it is one at all. It

is also clear that our parameterizatf.onis indeed insufficient. Since part of

the problem is that we are up to the limit of the number of parameters permitted

on the 7600, which amounts in any formulation of the problems we consider to be

feasible to about 145, we are adopting a new strategy. A direct transfer to

CRAY at this time is not considered since the EDA program is considerably more

expensive on it than on the 7600. What we have now undertaken is the separation

of the problem into two parts. In the first, only experiments at energies less

than 5 MeV deuteron laboratory energy are considered. This allows a reduction

in the number of parameters, and has already met with partial success over a

limited data base. The energies over 5 MeV will be fitted with a parametrizat-

ion not utilizing the resonance structure characterizing the usual R-matrix but

still having many of its features. The plan is to combine these two problems on

the CRAY for a final fine-tuning.

It is worth noting that in all of the work done so far there have been only

slight differences in our results in the neighborhood of the resonance at ap-

proximately 450 keV, which is responsible for this interest in the “%e(d,p)%le

reaction. We have never been able to predict a mximum value of the reaction

greater than 0.83 b. This is below the value of 0.91 b commonly quoted.

c. Calculations of Neutron Reactions on Isotopes of Nickel [R. C. Harper
(Graduate Research Assistant, Auburn U) and E. D. Arthur]

As part of a continuing effort to extend ENDF cross-section libraries up to

the 50 MeV region, we have begun preliminary calculations of neutron reactions

on the 5%i, ‘%i, and 62Ni isotopes. As with our earlier calculations 2 on

5’Te, 56Fe and 59C0, a major effort has been made to determine and verify neu-

,

,

.

tron, proton, and alpha-particle optical model parameters suitable for use over
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a wide energy range. The resulting parameters appear in Table I. The neutron

optical parameters were determined through simultaneous fits to reaction cross

sections, elastic angular distributions, and total cross sections measured be-

tween 1 and 50 MeV. Through the additional constraint of experimental s- and

p-wave strength data, these parameters are applicable over the energy range from

a few hundred keV to 50 MeV. The proton optical parameters appearing in the

table are a modified form of the Perey3 parameter set that was verified and ad-

justed through comparison to low energy 59Co(p,n)data, reaction cross sections

from 9 to 60 MeV, and elastic scattering angular distributions between 18 and 39

MeV. The alpha particle optical parameters are the same as those employed in

our iron and cobalt calculations. Comparisons of Hauser-Feshbach calculations

to 5“Fe(a,n),(a,2n), and (a,p) data between 8 and 20 MeV indicated that no sig-

nificant adjustments were needed to reasonably reproduce these experimental re-

sults. As a final step, discrete level information was assembled for nuclei be-

tween 51Fe and 62Nf. Gamma-ray strength functions were determined through fits

to %i, 6%i, and 6%i (n,y) data. DWEA calculations of direct inelastic scat-

tering cross sections to collective states in %i, 6%i, and 6%i were made us-

ing the ~1 values deduced from proton inelastic scattering data.

With the GNASH4 and COMNUC5 nuclear-model codes, preliminary comparisons

have been made to experimental data for natural nickel as well as for the sepa-

%ii, ‘%i, and 6%i isotopes.rated Such data include inelastic scattering

cross sections induced’by 1.5- to 9--MeVneutrons; (n,p), (n,2n), (n,np), and

(n,a) cross sections from threshold up to energies greater than 20 MeV; charged-

particle production spectra produced by 15-MeV neutron interactions;and gamma-

ray production spectra from 10 to 20 MeV. Good agreement was obtained in simul-

taneous comparisons to these data types. In particular, our calculation of the

5%f(n,2n) cross section agreed well with experimental data, particularly the

recent results of Bayhurst et al.6 (see Fig. 1). Such agreement is gratifying

since the (n,2n) cross section accounts for only a small fraction of the total

reaction cross section, a situation that produces strong constraints on both the

neutron and charged-particleoptical parameters. In fact, other published cal-

culations6’7 of this reaction overestimate it by factors of 2 to 4, leading to

speculation about a breakdown of the statistical model in this case. Problems

with these calculations seem to be with the parameters used rather than the

model.

5



I
As a prelude to higher energy neutron cross-section calculations, GNASH re-

5%i(p,pn), (P22P)~ (p}p2n)3suits were compared to experimental data for

(p,2pn), and (p,a) reactions up to 40 MeV. The good agreement obtained provides

further confirmation of the applicability of the optical parameters at higher

energies as well as other facets of the calculation, particularly the level den-

sity and preequilibriummodels used.

TABLE I

OPTICAL PARAMETERS

Neutrons

V(MeV) = 50.06 - 0.372E

w~ol(MeV) = -0.941 + 0.197E

VSo(MeV) = 6.2

WSD(MeV) = 4.876 + 0.270E

Above 6 MeV

WSD(MeV) = 6.497 - 0.225(E-6)

Protons

V(MeV) = 53.3 + 27 (~ )+% - 0.55E
A

V~(MeV) = 7.5

W~(MeV) = 13.5 - O.lE

rc(fm) = 1.25

=

V(MeV) = 193 - 0.15E

wVol(MeV) = 21 -t0.25E

rc(fm) = 1.4

r(fm) a(fm)

1.278 0.56

1.287 0.56

1.12 0.47

1● 345 0.47

1.345 0.47

1.25 0.65

1.25 0.47

1.25 0.47

1.37 0.56

1.37 0.56

I

.
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Ioc

c

I .0

‘Ni (n, 2n)57Ni

x

0 Bayhurst 1975

a Prestwood 1961

A Hudson 1978

. Temperley 1968

x Csikai 1967

a Paulsen 1965

I I I

14 16

Calculated and experimental

18

En (MeV)

20 22

cross-section values.
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D. Calculation of Prompt Fission Neutron Spectra and ~. [D. G. Wdland and J.
R. Nix (T-9)1. .

An extensive journal article summarizing this work is in preparation. Our

most recent communication presents calculations of the prompt fission neutron

spectrum and ~p that include multiple-chance fission processes.~

Work is continuing on merging the codes for the energy-independentand

energy-dependentcompound-nucleusformation cross-section calculations. The

merged code FISPEK is being modified to include internal checks and to print out

warnings and error messages. Documentation,for FISPEK has been started.

11s NUCLEAR (ltOSSSECTION PROCESSING

A. CSEWG Benchmarks and ENDF/B-V Processing (R. B. Kidman)

The 93-isotope, 70-group, ENDF/B-V library completed last quarter has been

used to compute every Cross Section Evaluation Working Group (CSEWG) benchmark

except SEFOR. The one-dimensionalbenchmark specificationswere used to compute

an extensive set of eigenvalues, central fluxes, central adjoi.nts,edge spectra,

central reaction rate ratios, central worths, central one-group cross sections,

Rossi alphas, delayed neutron fractions, neutron lifetimes,and reactivity con-

version factors. Some of the traditionallymore popular results are shown in

Table 11. The complete set of results has been forwarded to CSEWG.

The relatively high computed eigenvalues of the small reflected assemblies

BIGTEN, FLATTOP-25, FLATTOP-PU, FLATTOP-23, and THOR were investigated. The

most probable cause is that the P3 calculations are not sufficiently close to Pm
i.e, P5 cross sections are needed.

Other small and therefore bothersome effects can be attributed to not hav-

ing elastic matrix f-factors and not having a fission source matrix. Therefore,

we have decided to reprocess the multigrouping portion of the NJOY processing

for at least the most important isotopes of the above library. The reprocessed

isotopes will be in CCCC-IV format and will include Pb cross sections, elastic

removal f-factors, and fission source matrices.

B. NJOY Code Development (R. E. MacFarlane and R. M. Boicourt)

A new version of the NJOY nuclear data processing system is being prepared

for release. The differences between the new NJOY (7/80) and the previous NJOY

(1/80) for each module are as follows: for NJOY, change the version date, add a

new routine for significant figure control, and add a repeat option to FREE; for

8

.

.
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TABLE II

UNCORRECTED CSEWG BENCHMARKS RESULTS (C/E)

Benchmark Eigenvalue F28/F25

Pu Fueleda

JEZEBEL (bare)
JEZEBEL-PU (bare)
THOR
FLATTOP-PU
VERA-11A
ZEBU-3
SNEAK-7A
SNEAK-7B
ZPR-3-48
ZPR-3-56B
ZPR-9-31
ZPR-6-7 ,
ZPPR-2

U Fueleda

JEZEBEL-23 (bare)
FLATTOP-23
GODIVA (bare)
FLATTOP-25
ZPR-3-6F
VERA-lB
ZPR-3-12
ZPR-3-11
BIGTEN
ZEBRA-2
ZPR-6-6A

1.0094
1.0008
1.0152
1.0119
0.9543
1.0037
0.9978
1.0054
0.9862
1.0059
0.9966
0.9835
0.9835

0.9947
1.0055
1.0013
1.0092
0.9969
0.9579
0.9968
1.0115
1.0157
0.9771
0.9808

0.9250
0.9330
0.9247
0.9307
1.1733
1.0407
1.0250
1.0545
1.1243
1.0219
1.0934
1.0078
1.1444

1.0043
0.9882
1.0350
1.0336
1.0238
1.2707
1.1202
1.0789
1.0786
1.1271
0.9865

F49/F25 C28/F25

0.9717

0.8531

1.1185
1.0094
1.0152
1.0255

0.9776
1.0822
0.9934

0.9932
0.9995
1.0360
1.1082
1.0305
1.0007
1.0066
1.0502

1.0032
1.0348
0.9891

1.1119
1.0704

0.9281
0.9050
0.9569
0.9674
0.9961
0.9968
1.0448

aThe benchmarks are arranged from hardest
to softest central spectra.
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RECONR, implement the new method for significant figure control, add 0.0253 eV

to the energy grid, add a new capability to thin the resonance grid, and fix a

typographical error in the IBM conversion statements; for UNRESR, increase the

maximum number of dilution values to 8; for HEATR? provide a tolerance for a

test; for GROUPR, correct the final value of the computed flux, correct an error

in the choice of intermediate energies for tabulated weight functions, correct

the high-energy group of the discrete-level scattering matrices, make the user

weight function variably dimensioned, fix the unresolved fission cross section

for cases with second-chance fission, increase the number of subsections of

secondary-energydistribution data allowed, implement an option to selectively

add or replace reactions on an existing GROUPR output file, set undefined varia-

bles, and fix some statement numbers; for GAMINR, update GPANEL to be consistent

with PANEL in GROUPR; for ERROR, implement the new method to control significant

figures, add new group structure and weight function, add logic to allow files

without a total cross section to be processed (e.g., ENDF/B-V dosimetry files),

add option to selectively process reactions, and resequence some statement num-

bers; for DTFR, remove an unused common; for CCCCR, allow for isotopes with no

capture cross section, update BRKOXS file to the CCCC-IV standard including

self-shielding factor for elastic removal, modify the ISOTXS output file to al-

low for a fission chi matrix or for computing a chi vector with a user-specified

weight function, and correct a format statement; for MATXSR, correct the IBM

coding for BLOCK DATA and the logic to replace ENCODE, allow for different Le-

gendre orders In different data types, correct an error in handling all-zero

scattering matrices, correct a comment card, and correct one format; for ACER,

correct some of the IBM comment cards, fix the integral thinning option, implem-

ent the new logic for significant-figurecontrol, allow for certain File 5 see-.

tions with two interpolation ranges, and set several uninitialized variables;

and for POWR, correct the conversion to atomic weight, add infinite dilution

shielding factor to tables, and set some initialized variables.

c. MAX Code Development (R. E. MacFarlane)

The new macroscopic cross-section code MAX is based on a diffusion-

accelerated discrete-ordinatestransport codey being developed by LASL Group T-1

(Transport Theory). During this quarter, MAX was updated to be more consistent

with the latest T-1 code ONEDANT. It was observed that the eigenvalue produced

.
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by the first outer iteration was not the correct diffusion eigenvalue.

Subsequently, the ONEDA module in MAX was reorganized so that processing can be

stopped after one outer iteration with results for eigenvalue, flux, and balance

that are very close to those obtained with a conventional diffusion code such as

lDX.10 This version also converges faster than previous versions for fast reac-

tor problems.

Benchmark testing of ENDF/B-V cross sections with this version of MAX has

revealed two problems with the 70-group fast reactor library. First, the fis-

sion chi vectors are slightly too “*hot.” This comes about because the library

weighting function included a fusion peak. When the CCCC ISOTXS file was gener-

ated, the NJOY fission matrix was collapsed into a chi vector using this default

spectrum. The CCCCR module has now been modified to output a chi matrix; hence-

forth, a user can form the best chi vector for his particular application. The

second problem occurred for isotopes with second- and third-chance fission. The

GROUPR module was retrieving an incorrect fission cross section for the calcula-

tion of the fission matrix. This, in turn, caused some small errors in ~. A

new 70-group library is being produced.

D. Thermal Reactor Code Development (R. E. MacFarlane)

Recent comparisons of EPRI-CELL runs made at LASL, Oak Ridge National La-

boratory (ORNL), and the Electric Power Research Institute (EPRI) have shown

some differences between the various versions, and a cooperative effort is un-

derway to explain and remove the problems.

One set of differences was traced to the interpolation of self-shielding

factors. The standard EPRI-CELL used a polynomial interpolation routine that

could produce severe oscillations for some kinds of input data. A new routine

has been developed that divides the CJorange into three parts: for large Uo,

interpolation is done on 1/6.; for intermediate values, on log (~o); and for

values below the lower limit of the table, extrapolation is done as a2.
o

This

routine is less likely to diverge than the original coding.

The original LASL epithermal library for EPRI-CELL did not contain

infinite-dilutionshielding factors for the higher temperatures. Examination of

the data has shown that these shielding factors are often appreciably different

from 1.0; therefore,a new library has been produced that includes these values.

It was necessary to redimension several arrays in EPRI-CELL and in the library

maintenance code GAMTAP to support this new library.

11



More recent comparisons using the latest library have revealed several

other minor code differences. These have been fixed, and the LASL and EPRI

results are now in good agreement for a spectrum of test problems.

E. Consistent Self-Shieldingof the Discrete-OrdinatesEquation for Neutron
Transport (R. E. MacFarlane)

Recent attempts to apply the new LASL macroscopic cross section code MAX to

ENDF/B-V fast reactor benchmark calculationshave shown that special care must

be used when preparing self-shieldedcross sections for use in discrete-

ordinates transport codes. The correct choice of cross sections is implicit in

the work of Bell, Hansen, and Sandmeier (BHS).11 Following their argument, the

multigroup Boltzmann equation in slab geometry is written

p: Yg(p,z) + ~ (2n+l) Pn(p) antg (z) Yng(z)
n-o

= sg(kz) +n~o(zn+l)Pn(v) I ~ng%,(z) yng,(z) ,
~’

(1)

where p is the cosine of the discrete angle, z is the space coordinate, Pn are

the Legendre polynomials, Sg is the external source and fission source, Y is the

angular flux, and the flux moments are defined by

(2)

The cross sections

term as follows:

for Eq. (1) are defined to preserve the reaction rate in each

~ O“(E) W (E) dE
n

a=
ntg , (3)

fgWn(E) dE -

~ ~,un(E43’)W (E’) dE’dE
n

~g,Wn(E’)ndE’
9 (4)

.

.

.
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where Wn(E) is a weighting function that should be close to the actual energy

dependent flux moments to give good multigroup cross sections. When resonance

self-shielding is important, the weight function is often approximated by

Wn(E) =
C(E)

[%+ at(E)]n+l ‘
(5)

where C is a smooth function of E such as l/E and UO is a parameter that can be

used to account for the effects of other isotopes or escape. In the resonance

region,
altg

is typically smaller than
%tg”

Discrete-ordinates transport codes don’t solve Eq. (l); instead, they solve

l+ (Jg(P, z) + Ug(z) og(kd =

N
y(z) C!g,(z) ●= Sg(IL,Z)+ ~ (h+l) Pn(v) } Ug%

n=O g’

(6)

The cross sections for Eq. (6) must be chosen to make $ as close to Y as

possible, Matching terms gives

(7)

Note that the off-diagonal scattering terms are still defined properly by Eq.

(4) but that there is some freedom in choosing discrete-ordinates“total” or

“in-group” cross sections. BHS were concerned with choosing u to mitigate
g

the effect of truncating the Legendre expansion of the scattering source, and

they evaluated several different recipes, thus giving rise to the “’transport

corrections” used in many neutronics calculations.

However, even when truncation effects can be neglected, Eq. (6) implies

that a “transport correction” is required in the resonance range. Assume that

a =Oforn>N. ForN= O, it is natural to choseng+g’

‘g= aotg ‘ (8)



and

(9)

but then

~(n) = ~
~aotg- untgl , n> O .g%’ IX3’

(lo)

BHS call this the “consistent-P**approximation. Even though the basic scatter-

ing is isotropic, the discrete-ordinatescross sections are not! Since MAX

assumes that a
ntg = ‘ltg

for n > 1, the scattering matrix of Eq. (8) in-

cludes an additional &function of forward scattering. Obviously, the

discrete-ordinatescalculation should be made using

% = Cltg ‘

(n) = o
‘.%’

s n> ().

(11)

(12)

(13)

This probably should be called the ‘“inconsistent-P”option since different

expansion orders are used for the total cross section and the scattering

matrix. In general,

ag = %+1, tg ‘

(n)
+6

‘%+l,tg - ‘ntg~ “cg~’ = ‘ngw’ gg’

(14)

(15)

This inconsistent-Papproximationbecomes equivalent to the BHS “extended trans-

port correction” when scattering terms above order N are very small.

To demonstrate that these considerationshave some practical Importance,

the CSEWG benchmarlclzbased on ZPR-6 assembly 7 critical experiment was analyzed

with no transport correction and with the BHS ‘“extended’”transport correction

with the results shown in Table III.

14



RESULTS OF USING CONSISTENTLY SELF-SHIELDED TRANSPORT
CROSS SECTIONS FOR THE ZPR-6/7 CRITICAL ASSEMBLY

Without With
Integral Parameter Correctiona Correctiona

k
eff

U238

U238

U238

1.0067 1.0026

fis/Pu239 fis 0.9949 0.9997

capt/Pu239 fis 1.067 1.065

fis/Pu239 fis 1.013 1.012

aResults are calculated/experimentalwith
heterogeniety corrections applied.

111s FISSION PRODUCT AND ACI!INIDES:YIELDS, DECAY DATA, DEPLETION, AND BUILDUP

A. Application of kg regate Fission-Product Impulse Fits [R. J. LaBauve, D.
C. George, T. R. England, and C.W. Maynard (U. of Wisconsin)]

C. V. Chester of Oak Ridge National Laboratory asked us to calculate gamma

and beta energy of spent fuel for a typical reactor condition (10 000 hours

irradiation time and a few cooling times ranging from 1 week to 1 year), using

13 In response to thisthe analytic pulse functions we previously developed.

request, we calculated gamma and beta spectra for the aggregate of fission

products released from fissioning of both 23% and 239Pu.

13 n/cm2-sIn these calculations, we assumed a constant flux of 1 x 10

induced by thermal reactions, and we obtained the spectra in units of MeV/fis

and particles/fis. Six cooling times were

one month, two months, six months, and one

shown in Figs. 2-7. The requestor’s prime

chosen, namely, one week, two weeks,

year. Samples of our results are

interest was for the beta spectra,

hence the inclusion of these illustrative plots. However, both beta and gamma

spectra were requested.

We have also used the FITPULS code14 to generate aggregate fission-product

impluse fits that will be used illustratinga journal article being prepared for

Nuclear Technology. These are in 6

5, and 7.5 MeV and include fits for

energy groups with bounds at O, 1, 2, 3, 4,

beta and gamma spectra for the aggregate of

15
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all fission products and the aggregate of all gaseous fission products resulting

from fission induced by thermal neutrons incident on both 23% and 239PU.

B. Average Fission Product Cross Sections for BAPL (W. B. Wilson, T. R.
England, and N. L. Whittemore

The Bettis Atomic Power Laboratory (BAPL) uses the EPRI-CINDER code and its

library of processed ENDF/B-IV data. We supplied, at their request, 5-group

cross sections for 181 nuclides. These were collapsed using the TOAFEW code,

weighted with the.PRSflux spectra.15 BAPL intends to further group the cross

sections into three and four groups, depending on the specific design project.

For this purpose they chose the following five group energy bounds.



Few Group Energy Bound PRS Multigroups

10 MeV
1 7-17

820.84 keV
2 18-46

5530.8 eV
3 47-86

10.677 eV
4 87-127

0.625 eV
5 128-154

10-5 eV

c. ENDF/B-V Yields for CINDER Codes (T. R. England, W. B. Wilson, and N. L.
Whittemore)

The various CINDER codes and all other summation codes using ENDF/B-V data

must adjust the fission yields to account for nuclides that are not common to

the decay and yield files. Table IV lists those nuclides not in the yield files

and also those not in the decay files; all are in isomeric states. In several

cases the adjustment is not significant, but in many cases it is essential to a

correct total yield.

We have completed the adjustment for independent yields and for the

CINDER-10 yield deck

D. Actinide Decay Data (M. E. Battat, W. B. Wilson, R. J. LaBauve, and T. R.
En~land)

ENDF/B-V contains decay data for 60 actinides; the major parameters for

these were listed in the last progress report. During a reactor lifetime and

subsequent decay of unprocessed spent fuel waste, there are 144 heavy mass

nuclides that will be formed. Calculation of actinide content, particularly of

the long-term waste content, requires an augmentation of the ENDF/B-V data.

The EBARDK code, described in the last progress report, has been used to

generate beta-, gamma-, and alpha-decay energies for all 144 nuclides. In

several cases the gamma spectrum has also been generated by the code. Data from

the 60 nuclides common to ENDF/B-V will be used as an independent test of

ENDF/B-V data; however, ENDF/B-V will be used in place of the EBARDK code

results unless a significant error is indicated.

●

.
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TABLE IV

NLJCLIDESNOT COMMON TO ENDF/B-V YIELD AND DECAY FILES

Nuclides Not in
Yield Files

z

31
31
32
33
36
37
38
39
39
39
40
41
41
42
44
47
47
47
48
49
49
49
49
50
50
51
51
52
53
54
54
54
54
55
55
56
56
59
61
63

A State——

72
74
79
84
79
86
85
90
91
93
90
102
104
93
109
108
109
120
121
116
118
124
128
113
117
124
126
121
132
125
127
129
143
135
136
135
136
142
152
152

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
2
2

Nuclides Not in
Decay Files

ZA State—— —

33 74
34 73
34 85
35 77
36 86
43 95
45 101
45 102
47 105
47 106
49 112
51 118
51 120
58 139
62 142
65 136
65 158
65 162
67 159
67 161
67 162
67 163
67 164
67 170

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.



Data storage for the nuclides include beta endpoint energies, alpha

energies, branching fractions, Q-values, spins, and parities. As noted, gamma

energies and intensities are also included for some of the nuclides.

A module to compute the beta-decay spectra has been completed but not yet

added to the code. To date, the total gamma-transitionenergy is calculated

along with the average beta and alpha energy and alpha spectra, but the electron

conversion is not separated from the gamma-transitionvalue. The calculated

transition energy has been compared to values from the GAMDAT-7816 file and the

difference matches the electron conversf.onenergy in those cases where the

conversion value is known. Therefore, we intend to complete the preliminary

file of recoverable energies and spectra using (1) ENDF/B-V for 60 nuclides; (2)

GAMDAT-7816 for x-ray and gamma spectra in most cases; (3) beta and gamma

spectra computed by the EBARDK code in other cases; and (4) beta spectra

normalized to the sum of the EBARDK code value and the difference between the

gamma-transitionenergy computed by EBARDK and the GAMDAT-78 value.

A few of the nuclides will require additional evaluation (e.g., where the

gamma-transitionenergy is significantly smaller than the GAMDAT-78 value).

E. The (a,n) Neutron Production by Alpha Particles in PU02, U02, and Th02
Fuels [R. T. Perry (U. of Wisconsin) and W. B. Wilson]

As a part of the evaluation of the long-term decay properties of spent

reactor fuels, we calculated the (a,n) neutron production functf.onsP(E
2

for

several reactor fuels of interest. Neutron production functions have been cal-

culated in the past;17 18 however, they have not been developed specifically for

the fuels of our interest. In particular, the change in P(Ea) due to burnup

has not been considered. “

In oxide fuels the primary source of (a,n) neutrons are from the alpha re-

actions with 170 and 1800 The neutron yield P(Ea) may be determined using the

following relationship,

E
X(E) dE ,P(Ea) = ~oa —
S(E)

(16)

.

.

.

.
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where X(E) is the macroscopic oxygen (a,n) cross section and E(E) is the stop-

ping power of the fuel, taken as the SUM of the individual stopping powers of

the elements in the fuel, each weighted according to the Bragg Rule.19

In establishing the methodology and data used for the calculations, we es-

sentially followed the work of Ombrellaro and Johnson.17 From O to approximate-

180 (a$n) cross sections, which weIy 5 MeV we used the Bair et al.20~21 170 and

multiplied by 1.35 for renormalization,as suggested by Bair.22 From approxi-

mately 5 to 10 MeV we used the Hansen et al.23 170 and 1% (~n) cross sections,

which we multiplied by 0.908, again for renormalization. This factor was ob-

tained by dividing the integral of the Bair and del Campo22 natural oxygen cross

sections by the sum of the integrals of the Hansen cross sections for 170 and
180 times their respective atom fractions in natural oxygen. The integrals were

evaluated from 5.15 to 8 MeV. The Bair natural oxygen cross sections represent

a more recent evaluation; however, we wished to look at the individual 170 and
180 contributions. Thus, we chose this renormalization,which had been used in

previous work.17

With the exception of plutonium, for which no tabulated data exist in the

literature, we used the stopping powers calculated by Ziegler.24 To obtain

stopping powers for plutonium, we used the theoretical ratios of stopping powers

calculated by Northcliffe and Schilling25 to calculate the ratios of the stop-

ping powers of plutonium to uranium. We used these ratios with Ziegler’s data

for uranium to obtain values for plutonium. Using the methods of least squares,

we fit our plutonium data to a polynomial and obtained

ln(epu) = 5.1486 - 0.171158(Z) - 0.272723(Z)2

+ 0.100975(Z)3- &01fj03(js(z)3 , (17)

where Z = in(E). The stopping power c for plutonium has units of eV/1015
2

pu
atoms/cm and E, the alpha particles energy, has units of MeV.

Table V i.s a list of the compositions of the reactor fuels we considered.

They represent thermal reactor fuel, spent thermal reactor fuel, a U/Th system

fuel, and a fast reactor fuel. For the spent thermal reactor fuel, we used

niobium and praseodymium to represent the fission products, and number densities

for neptunium, americium, and curium were added to those for plutonium in our

calculations for this case.



The results of our calculations for the case representingspent thermal

reactor fuel is plotted in Fig. 8, which shows P(Ea) as a function of the alpha

particles’ initial energy. The results for the remaining cases fall within 4%

of these values. These results were obtained by the numerical integral of Eq.

(16).

As a result of this work we have obtained an estimate of the stopping power

for plutonium. We have calculated the neutron yields for four specific fission

reactor fuels. We found that the neutron yields for these oxide fuels lie

within 4% of each other

combination of actinlde

Sec. 111 D with the LWR

‘Ma,n) values for alpha

ly 90 actinide nuclides

and that burnup had little effect on the results. The

alpha-particleenergies and intensities described in

neutron production function P(E
J

yields effective

emitters. This work is in progress for the approximate-

decaying at least partly by alpha emission.

TABLE V

FUEL COMPOSITIONS

Fuel
Elements
(Densities
given in
at./b-cm)

80

bltib

~9Pr

90‘h

92U
~3NP

94PU
~+m

~6Cm

Reactor Fuels
Thermal

Thermal 9.95 gm/cm3
9.95 gm/cm3 34 GWd/t
(Beginning (15 months
of life) cooling)

0.04372 0.04372

7.893x10-4

7.893x10-4

0.02186 0.02085

1.O43X1O-5

2.037x10-4

5.692x10-6

1.131X1O-6

U/TH Fast
9.17 gm/cm3 9.62 gm/cm3
(Beginning (Beginning
of life) of life)

0.04184 0.04215

0.02025

6.72x10-4 0.01887

0.002634

.

.

.
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Fig. 8.
Neutron production probability for-decay alphas in LWR irradiated U02 fuel.

F. CINDER-10 ENDF/B-V Chain Structure [D. E. Wessol (EG&G, Idaho), T. R.
England, and N. L. Whittemore]

ENDF/B-V now includes 877 fission products and revised decay branching

fractions. A summary of the data types was included in the last progress re-

port. The added nuclides and branching (e.g., there are 105 delayed neutron

branching now compared to 57 in ENDF/B-IV) require a revision in the CINDER-10

chain structure. This revision was completed during this quarter and required

more than 100 additional linear chains

are now being checked for errors. New

are not yet complete.

and changes in existing chains. These

cross-section and decay-data libraries

\

G. ENDF/B-V Fission Product Consistency Check (T. R. England and N. L.
Whittemore).

A review of the ENDF/B-V decay files has continued during this quarter us-

ing the spectral code described in the last progress report. Table VI lists all

nuclides showing a discrepancy in average beta, total gamma, and total recover-

able energy, or in Q-values as listed in the preliminary files and as calculated

from the decay spectra. Only values differing by more than 5% in Q and less

than 3% in the other energies are listed. This is simply a consistency test and

is possible only for the 265 nuclides having spectra. A total of 750 nuclides

are unstable; all require some review of their preliminary data. Such a review

is in progress at the Los Alamos Scientific Laboratory, Hanford Engineering De-

velopment Laboratory, Idaho Nuclear Engineering Laboratory, and in England (A.

Tobias).

~~
L.J
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TABLE VI

ENDF/B-V CONSISTENCY OF COMPUTED ENERGIES FROM SPECTRA WITH AVERAGE IN FILE

Nuclide

*35-Br-82m
35-Br-87
35-Br-88
36-Kr-83m

*36-Kr-85

37-Rb-90
*38-Sr-90

39-Y-911U
39-Y-95

*40-Zr-93

41-Nb-93m
*41-Nb-94

41-Nb-97m
43-Tc-99m
43-Tc-102

45-Rh-103m
45-Rh-lo4
45-Rh-104m
46-Pd-107
46-Pd-112

47-Ag-108m
47-Ag-109m
47-Ag-lllm

*48-Cd-109

48-Cd-l13m

*.49-In-118~
*50-1*-11~
*5&.In-121m
ksl-sb-lz(j
*5~-s&131

52-Te-131m
*52-Te-133m
*53-I-134m
54-Xe-139
55-CS-137

55-CS-141
56-Ba-140
57-La-142
59-Pr-148

*61-Fm-151m
*fj3-E~-15~

% Deviation

1- ‘L h ._!2.-
1
0
0
4.6

10.3

0
12.9

6.0
1

22.0

5.6
15.7
5.0
3.7

- 3.0

4.4
1
4.4
9.5
1

6.7
3.2
4.6
0
1

0
1
14.2
=0
1

1
1

- 1.03
1
9.30

1
1.30
1

-1.09
1
7.58

1.8
0
1
1
0

0
--

0
1
.—

1
0
0
0
0

1
-3.5
0
--

0

0
0
1
0
1

0
1
1
1
0

1
0
0
1
--

-3.-6
0
-1.10
0
1
0

1
0
1
4.3
10.2

0
12.9
-i-
1

22.4

5.3
1.2
1
1

- 2.4

4.2
1
2.62
9.5
1

0
2.77
4.11
0
1

0
1
12.0
6.02
0

0
0
0
1
9.30

- 1.51
1
1
1
1
3.23

*These 15 nuclides show significant inconsistencies

56.8
-=
- 6.2

5.7
0

6.0
0
1

- 5.9
49.0

7.5
2.5
1
1
0

5.7
1
2.64
0
6.45

1
3.80
5.27
17.26

- 5.11

-69.79
-58.48

1
100.4
-10.09

5.42
-27.08
47.4
35
1

- 5.23
- 6.89
- 9.98
- 6.57
-15.27
12.27

as underlined.

.
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H. Compact Representationof Neutron Activation and Decay Data in Decay-
Dominated Applications (D. W. Muir)

In a number of neutron activation applications involving either relatively

low neutron-flux levels or hardened neutron spectra, it is a good approximation

to neglect the effect of neutron reactions, in comparison with radi~active de-

cay, when calculating the rates of depletion and transmutationof all radioac-

tive species present. We have developed a new method for constructing a

calculation-orientednuclear-data library to describe, as compactly as possible,

activation and decay processes in such “*decay-dominated”applications.

By transforming the input data library in the way described below, one

avoids the need to solve during the actual decay calculations the fully coupled

differential equations usually used to describe sequential radioactive decay

with branching. Instead, one needs only to solve the simpler equations for in-

dependent (single-step)decay. With this approach, one also avoids the need to

store the matrix of decay branching ratios, which can be the largest part of the

input data library.

One promising area of application of this approach is in calculations of

decay gamma-ray dose rates, especially when relatively low neutron fluxes are

involved. Particular applications might include near-term fusion device de-

sign,26 neutron radiotherapy studies,27 and high-energy-acceleratortarget

design.28

The method may also be useful at reactor-like flux levels (up to perhaps
~015 nlcm2 s), provided the neutron flux below a few keV is suppressed, for ex-

ample, by the presence of neutron absorbers such as lithium or boron. (This re-

striction is necessary because of the great variability of low-energy neutron

reaction cross sections.) In such a hardened neutron spectrum, the spectrum-

averaged (n,y) cross section for any radioactive Isotope that can be produced by

irradiation of the common structural materials will be less than 1 b.29,30 With

a neutron flux of 1015 n/cm2s, this cross section converts to an effective

half-life of 22 years. For many applications, this can be considered a

negligibly slow process in comparison with radioactive decay.

We consider a target material (which may be an isotope, an element, or a

mixture of elements) that under neutron irradiation yields J distinct radioac-

tive species Xj. The species X
j
can be produced directly by neutron reactions

and/or indirectly by a neutron reaction followed by radioactive decay. In some

cases of interest (for example, 14-MeV neutron irradiation of molybdenum,

. . 25



stainless steel, or concrete), as many as 30 distinct radioactivespecies can be

produced directly or indirectly from a single target material.

Let n (t) be the number of atoms of X
j j

that are present at time t, follow-

ing the irradiation of the specified target material by a short pulse of neu-

trons at t = O, per atom of the target material. In the absence of neutron re-

actions with the radioactiveproducts, one can construct the solution for a gen-

eral time-dependentneutron source by superimposing’solutionsfor such a

pulsed-source case.

Let N be a column

conditionsX(O) can be

~(o) = x a(o) .——

matrix formed

obtained from

from the J elements nj(t). The initial

the following matrix equation,

(18)

Here _@O) is a column matix with K elements ~(0), which specify the zero-time

fluence in the k-th neutron energy group. ~ is a rectangularmatrix with J rows

and K columns. The elements a
*

of ~ are the microscopic cross sections for the

production of species Xj by neutrons in energy group k.

Following the pulsed irradiation, the time evolution of ~ is governed by

the well-known matrix equation

#N=DN . (19)— ——

The diagonal elements of the J x J decay matrix ~ are the usual decay

constants, d
ii

= -Ai. The off-diagonal elements d
ij are ‘qual ‘0 ‘j Pji’

‘here Pji
is the branching ratio for the decay of X into Xi. Because of energy

j
conservation, the species can always be indexed so that d =Oforj Pi. We

ij
assume D has this triangular form.—

In the applications of interest, the induced radioactivityis not localized

but distributed over a large region, over which the

may vary significantly. In such cases, the initial

dependent, so the decay equations must be solved at

systern.

Although one cannot entirely avoid the need to

neutron energy spectrum ~0)

conditions N(0) become space

every space point in the

solve Eqs. (18) and (19) at

each space point, one can

greatly simplified. This

26

reformulate these equations so that their solution is

reformulationbegins with the introduction of a new

.
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set of J time-dependentfunctions!*, related to the original~ by a J x J

matrix of constant coefficients~,

N*xxAN , (20)— ——

As shown below, ~ can be chosen so that the new functionsX* satisfy the

far simpler decay equations

dN*=D*N* ,
aF–––

(21)

where D* contains the same diagonal elements as ~, d*
ii*= -As

but the off-—

diagonal elements of D* are all zero. The solutions ni(t) of Eq. (21) are—

simply n~(0) e-Ait.

EliminatingX* from Eq. (21) using Eq. (20) and then substituting from Eq.

(19), one obtains the following condition on the transformationmatrix~:

AD=D*A. (22)——_ —

One can show that the following prescription for the elements of ~ satisfies

Eq. (22), which guarantees that E* satisfies Eq. (21). For i ranging from

1 to J,

[

o, if j > i;
l,ifj=i;

aij = i

x
+ ,ifj<i ●

k=j+l ‘j i

(23)

Equation (23) can be applied repeatedly to calculate each a,a, proceeding from
‘J

high to low j-values for a given value of i.

It is important to note that, while the matrix A depends—

material in question (through D), it is problem-independent.—
not depend on the particular irradiation conditions.

The initial conditions for the decoupled decay equations,

on the target

That is, ~ does

Eq. (21), can be

obtained directly from the zero-time neutron fluence by employing a set of

transformed activation cross sections. If the cross sections are transformed

according to

27



(24)_@=AE s——

then from Eqs. (18), (20), and (24)

X*(())._~go) . (25)

Turning to the decay data, we first note that the matrix ~, Eq. (23), has a

non-zero determinant so that A-i exists. This is importantbecause it means

that one can calculate any desired radionuclide effect, such as delayed local

heating (afterheat),total biological hazard potention (BHP), or decay gamma-ray

source strength, directly from N* without ever having to calculate the original,

coupled concentrationsN.

This can be shown most easily by considering a particular example, such as

the emission of decay gamma rays. Let ~ be a column matrix with M elements

qm(t) equal to the rate of emission of gamma rays in (gamma-ray)energy group m,

per atom of the target nuclide. Then,

Q=SN , -——

where S is a rectangularmatrix with M rows and

of ~ give the emission rate in gamma-ray energy

species X present.
j

Since A-l exists, Eq. (20)

N=A-lN* .—— —

Combining Eqs. (26) and (27),

g=fj (A-lN*) -(sA-L) N* .
—— — ——

(26)

J columns. The elements s of
mj

group m, per atom of radioactive

can be rewritten as

(27)

(28)

Since S and A-l are both problem-independent,we can combine them to generate a— —
new problem-independentmatrix

S*=SA-l .
— —— (29)

.
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From Eq. (28) it can be seen that the new matrix S* can be used along with the

problem-dependent (but simply calculated)E* to calculate a correct, delayed

gamma-ray source,

Because A is triangular [see Eq. (23)], the elements of E* can be obtained—

directly in terms of the a -1
ij

without explicitly calculating~ . Multiplying

Eq. (29) from the right with ~ and recalling that aii = 1, one Obtains the

following prescription. For m ranging from 1 to M,
.

[

s if j = J;
* mj’
s J
mj =

z

*
“a

‘mj -
if j < J.

‘mk kj ‘
k=j+l

(31)

From this last result it is clear that, except for the case j = J, the

individual s* are not simply related to the gamma-ray emission rates of any one
mj

nuclide. In fact, some of them may even be negative. (This is also true of the

transformed cross sections.) Thus, the calculational efficiency gained by
I

transforming the activation and decay data in this way is accompanied by some
~

loss of data interpretability. I
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