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APPLICATION OF NUCLEAR MODELS

P. G. Young, E. D. Arthur, and D. G. Madland
Los Alamos Scientific Laboratory, University of California
Theoretical Division

loe Alamos, New Mexico B7545 U.S.A.

The develcopment of our extensive experimental nuclear data base over the past three
decades %ar Leer iccorparied by parallel advancement of nuclear theorr and models used to
descritc and irtcrrret the measurements. This theoretical capability 1s ‘mpertant be-
cause ¢f manv .uclear data requiremencs that are still difficult, impractical, or even
irnogsitle tc reet with rresent experimenczal techniques. Exa=ples ¢f such data needs
are neutrorn cress sections for unstable fission products, which are required for neuiren
abso—ptior ec ‘rections in reactor calculations: cross sections for transactinide nucled
tha: cornircl production of long-lived nuclear wastes and the extansive desimetry, acti-
vaticn, and neutronic data requirements to 40 MeV that must accompany development of the
Fusicn Materiale Irradiation Test (FMIT) facility. In recent Years svstermatic improve-
peats have been macde in the nuclear models and codes used in data evaluation and, most
irporeantly, ir the methods used teo derive physically based parameters for model calcu-
latiene. The newly issued ENDF/B-V evaluated Jata library relies in many cases on nu-
clear reactiorn theory based on compound-nucleus Hauser-Feshbach, preequilibriur and di-
rect reactior. mechanisms as well as spherical ané deformed optical-model theories. The
development and applicatious of nuclear models for data evaluation are discussed in this

paper, vith emphasis on the 1-40 MaV neutron energy rangs.

Introduction

The recuirementr for evaluated nuclear data that
res.lt frer the varicus nuclear applications are suffi-
ciently brcad that the use of nurlear theory and models
is essential tc comfplement the availatle experirental
cata base. A nuzber of areas exist where nuclear mod-
els 7lar & very impertant rcle. A classic example is
the prob.er cf deter=ininp nuclear data for radioactive
or unstatle target nuclei whicl., of course, are very
€ifficult tc measure ané vhich are ' equired ir a number
of applicaticns, Such applicatienrs 'nclude calculation
cf neutror abscrption and scatterirg by figsion products
ir. therral and fast reactcrs; production, deplecion, and
abscrrpticn calculations feor actinide nuclides important
in waste manarereut and dispisal studies; and activation
calculations for fusion reactor components and shialding
that can invclve unstable intermediate nucleil. A sec-
ond area where nuclear modela are very important ia the
extension of the evaluated data base intv the 20-50 MeV
incident neutron energy range, vhere exparimental datas
are much more limited than at lover energies. Although
biomedical and shielding data needs have existed in
this region for many years, the planned development of
d + L1 neutron sources, such as the Fusion Materials
Irradiation Test facilicy (FMIT), has given nev impatus
to developring evaluated data libraries abovi: 20 MeV.

It should alsc be mentioned that in the more common
applications models still play an important rola in in-
terpclating and extrapclating data such as secondary
angular and energy distributions that have not been
meagured with the same thoroughness as energy-dependent
crosp sections. For example, the energy ranges between
9-14 MeV is only sparsely measured for many nucled.
Finally, nuclear models have advanced to a atate that
they can occasionally be useful to evaluators in decid-
ing among diascrepant experimental " esults.

The use of nucleaar theory in data evalations has
expanded and become more sophisticated over the years
in much the same way that the experimental data base
has devaloped. In this paper we will outline some of
the advances that have ocecurred in the recent past in
applying nuclear theory and models to data evaluation.
We will describe briefly some of the features of nu=
clear model codes in common use and will shov exanples

of their applicaticrn in recent evaluations. Because cf
time and space limitations, we will restrict the dis-
cission mainly to neutron-induced and fusion reactions
in the ]1=40 MeV energy repion, whick excludes the re-
sclved and unrescived resonance regione for the heavier
nuclei. We will clcse with some cbservations and con-
ments on the recently issued Varsion " of ENDF‘B.

U'se of Nuclear Theory irn licht Element Evaluations

Nuclear models used in evaluation range fror the
almesat trivially simple to the very coemplex, depending
upon vhat ies apprepriate and availatle for a giver eit-
uation. An example of the former is the use of sircrle
three=bodyv phase srace calculations tc represen: sec~
ondary ererpy distributions fror btreakup of light sys-
tems. This technique is used in the YLi ENDF/E-V evalu-
ation'® to represent the continuur part of the neutren
spectrum frut. the °17(n,nd)"He reaction, as illustrated
in Fig. 1. HN.:2 th.! elastic scattering is omitted
from the calculated curves in Fig., 1. The calculated
spectral shape agrses reasonably with the experimental
data and provides a useful device for inferring the
spectra at unmeasured energies and anglea. There are
many light nuclei, however, for which such simple rep-
rerentations are unsatisfactory.

At the other end of the complexity scale is the
use of mophisticated coupled=channcel R-matrix analvses
in data evaluations. Such analyses are incorporated
in the ENDF/B-V evaluations for “He, ®Li, '°B, !2C, and
185, which include the three standard reactions
$.1(n,t)"He, ''B(n,a)’Li and *2C(n,n)'2cC.

While such applicationa of Rematrix theery are not
new, it is only in relatively recent times that analy-
ses of sufficient detail and thorcughness have been
svailable for light syste.. so that accurate predicticns
of results can be made in poorly neasured reaction chan-
pels of a system. Additionally, by application of the
principle of charge independence, predictions can aow
be extanded to cifferent isospin mcabers of a mass sys-
tem. Such analvees are proving most helpful in pro-
viding charged-particle fusion data, and a list of re-
actions analyzed in this manner at Los Alamos Scientific
Laboratory (LASL) library is included in Table 1. Be-



(-1}
00IE
3
- s = Prasent enolysis
i - === ENDF/B- K
0 I [ ] Hophms ot ol
=
$ 00D
s 3
.E -
< L
3 L
g oI 0 13%° Elastc
§ |
-
0.0
o000
(]
Neutron Energy (Mav)
Fig. 1. Neurrcon erissicn spectra at lahcratory

angles of 3¢ and 135° fror 5.7i-MeV neutron bor-
bardrent of %11, As describe¢ in Ref. 1, the cal-
cuiate’ urves Sc mot include elastic scattering.

Because this toplc ie the sublect of another talk® at
this conference, nc further discussior is included here.

Nuclear Models for Intermeciate and Heawv
Mare Fvaliation

The nucliear nodels and theories most commonly ap-
plied in evaluations of neutron-induced data for heav-
ier nuclei in the Me\ region are the spherical and de-
formed optical models, Hauser-Feshbach statistical
theory, direct reaction theory, preequilibrium theory,
and fiesion theorv. A number of theoretical improve-
ments have occurred over the past few yesars, and some
of these are cited below, Equally important for data
evaluation, however, has been the development and use
of improved methods for determining parametars used
in model calculations and the coming c¢f age of several
mltistep Hauser-Feshbach/preequilibrium theory codes
that can accomcdate the mriad of reaction channels
open at incident neutron energies of 20 MeV and higher.

Optical Model Parameterizations

The optical model is still one of the most impor-
tant tools for a good theoretical evaluation, vhether
dealing with spharical or deformed target nucleus. In
addition to providing a means to calculate energyv de~
pendent total, elastic, and reaction cross sections as
well as elastic angular distributions, it is also used
to compute transmission coefficients that are used in
Hauser-Feshbach or diract reaction calculations., There
has been increasing recognition over the par several
years that the old global or universal parameter sets
such as the Wilmore-Hodgson," Perey,® or Becc-etti-
Greenless' parameters, while very useful for s.2ping

Table I. Charged-Particle Reactions For Which
Cross Sections Are Available Fror Zurrent LASL
R-Matrix Analvses

Enerpv
Range
Reaction (Me™' )
TlppT E = C-i:
3 P
T(p.n) Fe EF = ]-11
3HE(P.P)3HG Ep s =20
‘.He(‘;.p)LIl(— E = N3
6 6 F
Li(p,p) L1 Ep = 0=2.5
6Li(."-.:-.);Ht- Er = 02,5
hed,A)n E,. = D-1N
3. a d
D(d.n) He LA 0-1¢
D(d,p)T" Eg = 0-10
T(d.d)'.l' Ed = N
3 3
He(d,d) He Ed = N-10
3Hc(d.p)‘He Ed = 0-10
“He(d,d) ne E, = 0-15
T(t,t)T E_= 0-2
L t
T(t,2n) lLe E = 2
4 . t .
He(r,t) He E: = 0-12
&
He(t.n)‘Li E = 0=1c
e 3.3 4 t
He ("He, "He) He E3 = N-11
He

a
Results prelirinary.

calculaticns of cpecific nuclei. I: i far prefer-

abtle tc use optical mcdel pararmeters that are orpti-
mized ov'r a more licited region cf A, such as a par-
ticular shell, at the same time preserving the_accerted
trende with energv and maas cf the narameters. As a
ragult, there has been a renewal of efforts to determine
realistic optical parameter+ for evaluations over the
past fev vears.

A very useful technique for obtaining neutron opti-
cal parameters for spherical and def.rmed nuclei that
does not require extensivie automated least~squares
fitting and can therefore be performed with modest com
puting outlay has baen developed at Bruyeres-le~Chatel
by Lagrange and his coworkers.' This technique, re-
ferred to as the "SPRT" method, uses s- and p-wave
strangth functions and the potential scatvering radiur
as data to aid in determination of the real ané (sur-
face) imaginarv potentials at low energies and then
uses the total croee section to establish their energv
dependence. Fine tuning of the potential is accor-
plished by adjusting the spin-orbit strength to match
back angle elastic scattering data and the imaginary
strengths to match inalastic scattering crose secticns.
Proton elastic scattering and polarization data can
then be analyzed using the derived neutron parameters
to provide further information concerning isospin terms,
higher energy bshavicr, etc. The end results are nu-
cleon optical parameters muitable for ume over an ex-
panded anergy range for a nucleus or nuclei of interest.
Such an analysis for "’Nb 1is reported at this confer-
ance® vith an enample of _he quality of fir to proton
polarization data shown in Fig. 2.

A second technique that alsc averts extensive
fiteting for deformed nuclei has been developed by



Madland.’ With this method, parameter: are determined
fora spharical optical potential, which 1is relatively
inexrersive to compute, by fitting all available total
n¢ differential elastic scattering data. Simple trans-
fernaticne are then sought that will result in realis-
tic deformed mrdel parareters by fitting a much more
restricted data set ir a fullv deformed coupled-=channel
cptical model calculation.

Frelizirary regults from such ar analrsis were
repcrted at Harwell ' and are reproduced in Fig. 3.
solid curves rerresentr neutron totsl cross sections
calculated with a spherical cptical model deterrinecd
by fitzing experirental data for all five accinides 1ir
Fig. . The dashed curve shown for *’'U was obtained
ir a deformed calculation using a simple parameter
transfcrration cdeterzined by sinultanteously fitting
i3 fnelastic argular éistributions at only twc ener-
gles (2.% and 3.4 MeV). The 2 total cross sections
calculated with the deformed model agree with experi-
ment tc within + 3% for neutron energies betweer 50 kel
anc 1C Mel', Additionally, the geomatrical parameters
oktainec in this analysis are reascnably similar to
ones cbtained by Lagrange'®’!! ysing the SPRT method.

The

Saoma-Ray Scrength Functions

Another important aspect of model calculatiors is
tc properly describe pamema~ray erxission, beth in esti-

icr. ir YHauser-Feshbach calculations ané in actually
cotputing garma-ray emission spectra for use in evalu-
aticnf. In —cet Fauser-Feshbachk calculati-ne, the in-
tegral of the product of level dermsity and pamma-ray
cransmission ccefficlente 1s normalized te the experi-
pental value of 2'<TT>/<D>. vhere <TV> and <D> are the

average ramrma width and spacing fer s-wave rescnances.
This ncrralizction directly influences the amount of

actions or in rorpetition to rarticle-emiesion or fis-
sicn reactions. Fxrerinental data for <TY> and <C™ are

nct always reiiatle (especially where rescnance spac-
irngr are iarge), and for compcund svstems lacking such
data, reliarce must be placed upen determinaticn of
these quantitier freor svstematica. Since the observed
spacing <D car varv can vary drastically betweer near-
by nuclei ir closed shell regions, considerable uncer=-
tainty can exist in calculations of gamma-ray emission.
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Fig. 2. Calculated and measured proton polarization

from "'Nb(p,p) elastic scattering at 14.5 MeV. See
Reaf. 9 for details.

An alternate approach has been suggested by Gard-
nar that eliminates many of these problems, lead-
ing in turn to more accurate capture cross sections
vhere data is unavailable anc *c a better treatmen® of
gamra-rav corpetition. Tris method 1s hased upon de-
terminatior cf the gamma-ray strengtk “uncticen f(r )
defined bv )

L3
<7 > “n
a
T flee s mr e, (1)
0
where Sn is the nectror separaticrn energy, EY ig the
gamrma-ray energy, and £ i= the level denrity of the
corpound svater. The eleciric dipele streng:l fun-tien
ig aseure? te have a clant 2irrle rescnance (AP fore
piven by
*\ com ()
(g )=
35N IR N B
€y epr)” * (=, ~Egpg)

Tne strength functior can be extracted from the analvsis
of neutron capture cross sactions measurad for stable
nuclei or through the analysis of spectral data result-
ing from capture. Since the strength function is ex~
pected to vary smoothlv between nearby nuclei, some

of the pretlems mentioned earlie- car he elirinared,

and one car use it wvith increased confidence.

én applicaticn cof this techricue v Gardner'® frr
the ! Rh(n,~) and “'Rb(n,)} reacticns ig shown in Ti:.

4. The sare strength function fr-('n‘ vas used for
- T

beth: -eacticens showrn in Fip. 40 the vastly differesn:
capture cress sections result entirely frowm the 2iffcr-
ent binding erergier and level deneities used ir the
two cases.
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Fig. 3. Calculated and measured neutron tctal croes
sections for five actinide nuclei. See Ref. 7.



Improved Codes for Evalvations

A large number of coles useful for evaluationr has
been daveloped in many courtries, but space does not
permit a thorough discussior here,

One major acvarce in the opast several vears that
will be discussed, however, is the cevelopment of sev=
eral multistep Hauser-Feshbach statistical-presquilib=-
riur codes that percit calculaticn of most impertant
reactions in the MeV region. Within the connun1t¥ of
ENDF.'B evaluators, these codes incl.de the HAUSER®®
code developed at Hanford Engineerin; Development
Laboratory, the TNG'' code froz Oak P!dge Xa.ional
laboratory, the STAPRE'® code writter in Austria and
extensively used at Lavrence Livermore Laboratory and
Brookhaven National Laboratory, and the GNXASH'® code
developed at LASL. These codes, vher used in combina-
tion with spherical and deformed optical model codes
and the older reaction thecrv code COMILC, provide a
capabhility for calculating all importart ruaction se-
quences up to 20 Mev or higher.

Typical reaction sequences that car. be included
in multistep calculations are shown in Fig. 5.
illustrated ir for neutron-induced react:ons on "Yl
which were recently calculated with the GNASH cods. .
The double arrows indicate the path from *he incident
channel to the first compound nucleus "Y‘. wvhose de-
cave correspond tc the binary (n,v), (n,p), (n,2), and
(n,n') reactions. The variocus compound nuclei shown in
the diagrsr: are populated in specific energy, spin,
anc parity states, and each ntucleus is permitted tec de=-
cay bv n, p, a, and/or v erission until the decayv se=-
quencer terrminate. The most complicated sequences
showvr in Fig. 5 are (n,2ny), (n,2np), (n,2n2), and
(n,3rn) reactions, although calculations are not limited
te these.

All four multistep Hauser-Feshtach codes mentioned
above can carry out these calculations with full allow-
ance for angular momentur effects. The TNG, HAUSER,
and STAPRE codeas include width fluctuation corrections
for the lower energy calculations, vwhereas CGNASE, which
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Fig. &. Rb(n,y) and Rb(n,Y) croso sections batwveen

10 kel and 3.5 MeV. See Ref. 12 for details.

The case

is designed for higher energy calculattions doss not,
All four codes include preequilibrium models that are
used to correct the binary reactions for nonequilibrium
effects. In the came of TINC, a new model (descrihed
in » later paper'!?) has beer included te incrrpcrate
conservation of angular momentur in the preeguilibriu-
step. This modz] errures consistency hetweern the sta-
tistical and oreequilitriur parts of the calculatione,
Particle spectra are calculated ir all four codes, and
all except HAUSEF alsc cutput pamma-ray Rpectra. The
HAUSER, GNASH, and TNC codes allow input cf externallwy
coxputed direct-reacticn crcas sections tec specific
statep, which are coxmtined with the Hauser-Feshtact.
caiculatione ard, ir the case of GNASP and TX~, are
included explicitlyv ir the gamra-rav cascades, The

TNG and HAUSER codes calculate compourd nucleus anpular
distributions, whereas GNASLH ané STAPRE rely upcr ex=
ternal codes for these effects. STAPRE, HAUSEF, and
GRASH all have fission channels, with a doutle-huzred
barrier being availatie for use in HAUSER and STAPEE,

In the past few vears these codes havi. beern exten-
sively developed and umed in support of data evaluatien,
and examples of calculations are given below, The Nu=
clear Models Subcommittee of the Croes Secticn Evalua-
tion Working Group has been carrying out code compari-
son studies with these and other codes, and even more
detailed comparisons have been made betveen codes used
at LLL and LASL.2?°

Examples of Recent Calculatiocas
Examp. LiSCl0AS

There are a nucber of exarples that can be cited
where the above codes have been successfully appiied
to evaluation problems. The UIAUSIR code hap beer nsed
extenAively by Mann and Schenter:® in calculations cof
actiride crosa sectiorne for *XDF/BE=V. Sipilarly, T
has used TNG fer ENDF'L evaluatione of “%Ca, ¢ "VFe
ané Pb,2" and for Cu and Xt calculations tc 32 MeV,'
Calculatione with STAPRE include comprehensive analvses
by . fiardner of neutron-induced reactions or zirconiur

bl

-
L

isotcpes’® and by D. Gardner of neutron reacticas on
33 targe: states of 1760100, Adcditionallv, an an-
alveis*" of neutren reactions on tariur. imotcpes with
STAPRE 1
n+%Y
” 1) L 4 .
] \\e\‘ ‘
. n 28
®gr: 2 8qr Rb
-8 T .
. //BO\ ____.ID\
J/ a
,/’/’ "
&
Qi . %qr Rb
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~ Q
n
oy Rb
Fig. 5. Sample reaction decay sequences from neutron

interactions with *"Y am calculated by Arthur (Ref.

18).



STAPRE have been performed., Recent analyses with the
GKASH code include studies of neutron-induced reactions
to 20 MeV cr a total of 10 isotopes of vttrium and zir-
confur,!? to 40 MeV for 5“Fe and *%Fe,?" to 20 Mev for
the fcur_principal isctopes of tumgaten.'° ané to 22
Mel fer s’t and i, %!

7o illustrate the potential of suck calculaticne
wher care is taker vith parcreterizations, Figs., 6=8
shot: cocparisors betweer calculated snd experirerntal
croae sections fror the CRASE aralvsis of vetriur end
zirconiur ilotopes." In this study, corsigtency vas
required cf the optical mcdel parameterizatione for all
the verriur and zirccrniur isotores, and several differ-
en: zvper cf neutrcn and charped-particle exparimerts
were fit to determine cptical rarameters. In addition,
a carefu. siudy waf rmade using Gardner's method!? te
obtain reliatle ga—ra-rax atrength funciions.

Gatmz-ray energ: spectra fror GNASH calculations?’
fcr iron are compared to the experimental data cf Chap-
mar. ¢t al.”“ at {..r incident neutrcr energies ir Figs.
9-12, In this case, the mode]l parameters were deter-
rined entirelv fror other measurements, so the compar=-
iscns with the garma-ray spectra provide a test of the
calculations. Although the calculations agree rela-
tively poorly with the Chapman data at 14.55 MeV (Fig.
11, they are in_reasonably good agreement with the data
of Drake et al.'’ at 14,2 MeV, shown in Fig. 13. Thus,
there appears tc be a discrerancy hetweern the twe ex-
periments near 14 MeV, anéd Arthur'e calculations tend
te support Drake's measuremert.

The reuiren erission spectra calcuiated fer 36=-MeVl
neusr~ne incident on lron are showr at 0, 9C, and 180°
in Fig, 14, 7The high enerpv lines in the spectrur re-
sult fror Fel=,n') reacticons te discrete states, which
were chtained !r DWBA calculaticrne an? are strongly
fcrwaré peaked., The anpular distiibutions irn the con-
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See Ref. 18 for de:ails.

Measured and calculated elastic and inelastic neutron scattering from '%

tinuum region were calculated !Igm semiempirical rela-
tionships determined by Kalbach and based on preequi-
1libriur theory. The breaks in the apectrur in the con-
tinuur region indicate the tcundaries of 5=Me' wide
secondary energy *ins, eachk cf wvhich wvas piven a Rer=
arate angular distribution fror the Kaltach fcrmalisr,
This representatior results fro- an ad hoc modificazlcn
of the ENDF/R forrmat o accomodate the pronoun. o for-
vard peaking of spectrs at energies ahove 17 Me',

The garma-ray erissiorn spectrur that ig calculazed
for i0=MeV incidert nevtrcens is showr in Fip, 17, Teoa
tropy war assurec for &ll eritted garma vTave, and the
standard ENDF’/R fcorrats ware adequate te rerresent the
calcuiatiers.

of calculsted fimsiern’’ .roee
sectiors for <% and 7fU witk experimertal data ¢
chown in Fig, 16. 1In this case, a sizple sin;le=-hu--
fissior barrier nodel in the GNASE code was opti-izeZ

to the data showr, for the purpeose of wreviding acde-
quate fissiorn competiticr in calculatiens of (an,x
reactions.

Finally, a _comparis-n

LtE O F/B=V

The nev multistep Hauser-Feshbach codes and the
older direct reaction and compound nucleus theory coders
provide a very useful arrav eof tocls fer optimizing data
evaluations. It i usuallv vrefcrable in capes vhere
measurenents are available to base evaluated feotel zad
fission crose sections cn direct experimental datsa.

In such cases, the use of nuclear rodele car ermeure
consistency ¢f the remainirng eval:ared crosf sezticr-
through deviatlon cf pasrareters which si~ultane-uel-
describe all channels. Evaluations detcrmines wist

o€
satisfv the basic requirements ~f conservatien rf tr-ie
energy and flux.
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While nuclear theory has been frequently put te gpcocd
use in evaluations, its application has tended to be
somevhat pilecemeal with the result that energy conserva-
ticrn has frequently net been satisfied. Exarcrles of
this protler are rrovided in a recent study o energy
balance in ENDF/B-V evaluations by MacFarlane.’® FKERMA
facters, which are simplv the energy given tr charged
reactions products, were computed for a variety cof non-
figsile nuclel at a selection of incident energiles bv
subtracting the energy carried awav by neuntrons and
protons fror the total energv (E+Q) available tc each
reaction. Lower and upper limits based on general con-
siderations were determined for the KERMA factors for
most Treactions, and tests were made tc see if the ENDF/B-
B-' data satisfied the limits.

MacFariane's results are reproduced in Table II
where each evaluation tested us rated as G (good), F
(fair), or P (poor) for the energy ranges THER
(En 1 keV), FAST (1 keV-2MeV), and FUSN (2~20 MeV).

A rating of "P" meanms that KERMA factors computed in
this manner are inadequate for most applications and
indicates rather significant ( 1-10Y) violations of con-
servation of total energy.

A disturbing number of "P" ratings occur in Table
II. While the KERMA diagnostic is quite sensitive and
can indicate rather small violations of energy conser-
vation, a number of cases flagged in Table II do repre-
sent significant problems. Additionally, one might
take the poinr of view that conservation of energy
should be eseentislly inviolate in evaluations, in much
the same manner that evaluators require that all neutron
cross sections sum to the total cross section. Care=-
ful, coneistent use of nuclear thenry in fitting experi-
mental data can help remove problems of this nature
in futur~ evaluations.

Summaty

Significant advances have occurred over the past
several vears in applying nuclear theory to data eval-
vations. Areas highlighted here are the use of R-matrix
theory for improving and extending light element evalu-
ations, development of improved methods for determining
model parameters, and the availability of several new
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TABLE &

GUALITATIVE RATING OF ENERGY BALANCE FOR MATFRIALS FROM ENDF/3-V
(G=Good, F=Fair, P=Poor) EY ENERGY RANGE
(THER<1 keV, FAST=1 keV to 2 MeV, FUSN=2 to 20 MeV)

Material THER FAST FUsS\ Materia! THER FAST FUS.
B-1 G G G K * * P
H-2 G G G Ca G G G
Li-6 G G G Ti G F F
Li-7 G G G AY G G F
Be-9 G G G Cr L] * P
B~10 G G G ¥n-55 P P P
C I G G Fe * F P
N-1l4 G G G Co=-59 G P P
N~15 G G F Ni G r F
0~16 G G G Cu * * *
F-19 G (e F Mo & * A
Na--23 G G F Ba-138 F F F
Mg 5 F F Ta=-181 P+ P P
Al-27 G G F W-182 P P P
si G G G w-184 P P P
P-31 G G F W-185 P P | 4
§-32 G G F w-186 P P P
Cl * G * Pb * G F

*
Tests masked by element effect

+Possibly masknd by internal conversion



multiatep Hauser-Feshbach/preequilibrium model codes
that permit rather complete calculations in the 1-40

MaV region.

Additionally, problems with energy bdalance

in ENDF/B-\' evaluations are noted, and we conclude that

nor:

conuistent use of theory in evaluations is needed

sc that total snergy conservation is maintained.

scepe of this paper be limited.

Time and space lirmitations have dictated that the
There are manv other

develcpnents that should lead to further imprevement

in theoretical calculations.
elon models as described by Lvmn,
Delagrange et al.’®

More sophisticated fis-
3% pack et nl..” end
are rianned or in use ir certain

model codea, and advances are being made in preequi-
litriuw thecry whick cffer prozise of mecre accurate

analyses in the future.

Efforts to base mndel calcula-

tiens on rore fundamental theories, particularly re-
garding microsconic descriptions of nuclear level den-
)

sities
applied usage.

and the optlcal model,“® show promise for
An improved theoretical description of

neutron energy spectra fror fission has been develcped."l
arnd a new "master" ccde that will corbire and refine

some of the podels presently used is under development
at Lawrence Livermore Laboratory."

Finally, progress in developing & unifed theory to

include both Hauser-Feshbach and direct reaction mach-

anisms has been made in recent years,

“3+4% ond multi-

step direct reaction calculations as carried out by

Tacura et al,

“S might prove useful in extending the

evaluatec cata base tc higher energies.
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