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APPLICATION OF NUCLEAR MODELS

P. G. Young, E. D. Arthur, and D. C. Madland
Los Alames Scientific Laboratory, Vniversity cf Cslifornia
Theoretical Division

loe Alamos, New Mexice 67545 U.S.A.

The development of our extensive experimental nuclear data base over the past three
decades %as teer 1ic:orparied by parallel advancement cof nuclear theor: and models used to
descritc and irtsrrret the measurements. This thecretical capabili:y iz ‘mpcrtant be-
cause ¢f zanv ..uclear data requirementa that are still difficult, impractical, or even
i=nrgsitl¢ ic ree: with prresert experimental techniques. Exa=ples cf suclk data needs
areé neutrc: cross sections for unatable fission products, which are required for neciren
absc—pticr cc ‘rections in reactor calculations: cross sections for transactinide nuclel
shar cornircl productior of long-lived nuclear wastes and the extsnsive dosimetry, acti-
vation, and neutronic data requirements to 40 MeV that must accorpany development of the
Fusicn Macteriale Ircadiation Test (FMIT) facility. In recent Yvears systermaric improve-
pen:s have been made in the nuclear models and codes used in data evaluation and, most
irpertantly, 4ir the methods used to derive phvsically based parameters for model calcu-
latiore. The newly issued ENDF/B-V evaluated Jata libracy relies in many cases on nu-
clear reactior theory based on compound-nucleus Hauser-Feshbach, preequilibriur and di-

rec: reactior. mechanisms as well as spherical and deformed optical-mcdel theories.

The

development and applications of nuclear models for data evaluation are cdiscussed in this
paper, vith emphasias on the 1-40 MaV neutron energy range.

Intreductiion

The recuirementr for evaluated nuclear data that
res..t fres the varicus nuclear applications are suffi-
cientily brcad tha: the use of nurlear theory and models
is essential tc conrlemen: the avallatle experirental
cdata base. A nuzber of areas exist where nuclear mod-
els rlar & very important rcle. A classic exanple is
the probler cf determining nuclear data for radicactive
or unstatle target nuclei wkic!.,, of course, are very
ci1fficult tc measure and which are ' equired in a number
of appiications, Such applicaticnr 'nclude calculation
cf neutrorn ahscrysion and scatterirg by fiseicn products
ir. therral and fast reactcrs; production, deplecion, and
abscrpiicon calculations feor actinide nuclides important
ir waste manarereut and dispisal studies; and activation
calculations for fusion raactor components and shielding
that can irvelve unstatle intermediate nuclei. A sec-
ond area where nuclear models are very important ia the
extenaion of the evaluated data base intv the 20-30 MeV
incident neutron energy range, vhere exparimental data
are much more limited than at lowver energiea. Although
biomedical and ahielding data needa have exiated in
this region for many yeara, the planned development of
d + L{ neutron apurcea, such aa the Fusion Materiale
Irradiation Teat facility (FMIT), haa given nev impetus
to developing evaluated data libraries above: 20 MeV,
It ahould alec be mentioned that in the more common
applications modela still play an important role in in-
terpclating and extrapolating dats auch as secondary
angular and euwergy distributions that have not baen
meagnred with the same thoroughnesa as energy-dependent
crose sections. For example, the energy range between
9-14 MeV is only asparsely measured for many nuclei.
Finally, nuclear models have advanced to a etate that
they can occasionally be useful tc evaluators in decid-
ing among discrepant experimental -esults.

The use of nuclear theory in dats evalations has
expanded and become more aophisticated over the years
in much the aame way that the experimental data baae
has developed. In thia paper we will outline some of
the advances that have occurred in the recent past in
applying nuclear theory and modela to data evaluation,
We will deacribe briefly aowe of the featurea of nu=-
tlear model codea in common use and will ahov exanplea

of their applicatior in recent evaluations., Because cf
time and space limitations, we will reatrict the dis-
tission mainly to neutror-induced and fusion reactions
in the 1-40 Me'' ernergy repion, whichk excludes the re-
aclved and unrescived resonance regione for the heavier
nuclei, We will cleose with some cbservaticns and cos-
ments on the recently issued Version U of FXDF'B,

U'se of Nuclear Theory ir licht Element Evaluatio-nes

Nuclear models used in evaluation resnge fro- the
almost trivislly sinple to the very cormplex, depeniing
upon what is appropriate and availatle for a giver eit-
ustion, An example of the former is the use of sircyle
three-body phase srace calculations tc represer: sec=
ondary erergy distributions fror breakup of light syve=-
tems. This technique is used in the Li ENDF/B-V evalu-
ation! to represent the continuur part of the neutron
spectrum frut. the °17(n,nd)"He reaction, as {llustrated
in Fig, 1. HN.:2 th.: elaatic acattering is omitted
from the calculatad curvea in Fig. 1. The calculated
apectral ahape agreea ressonably with the experimental
data and providea a useful device for inferring the
apectra at unmeasured energies and angles. There are
many light nuclei, however, for wvhich auch simple rep-
rezentations are unaatiefactory.

At the other end of the complexity scale ia the
use of sophisticated coupled-channcl R-matrix analvses
in data evaluationa. Such analyses are incorporated
in the ENDF/B-V evaluations for “He, *Li, !°B, '2C, and
l'O, which include the three standard reactions
'Li(n,t)*He, '*B(n,a)’L1 and '2C(n,n)'3C.

While such applications of Rematrix thenry sre not
new, it ia only in relatively recent times that analy-
sea of aufficient detail and thorcughneas have been
available for light ayate.. so that accurate predicticns
of results can be made in poorly .neasured reaction chan-
pela of a ayatem. Additionally, by application of the
principle of charge independence, predictions can aow
be extended to cifferent iscapin mcubera of a masa ayn-
tem.” Such analyvaes are proving moat helpful in pro-
viding charged-particle fuaion dats, and a list of re-
actiona analyzed in thia manner at Loa Alamoa Scientific
Laboratory (LASL) library is included in Table 1. Be-
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Fig. 1. Xeutron erissicn spectra at lahcratory

angles of 3¢ and 135° fro= 5.7:-Me% neutron bor-
bardrer: of SLi. As describes in Ref. 1, the cal-
cuiste’ urves ic mnot include elastic scattering.

Because this tcpic 1 the sublect of another talk? at
this conference, nc further discussior is included here.

Nuclear Models for Intermeciate and Heavy
Mass Fvaliation

The nuciear ncdels and theories most commonly ap-
plied in gvaluations of neutron-induced data for heav-
ier nuclei in the Mel region are the apherical and de-
formed optical models, Hauaer-Feahbach statiatical
theory, direct reaction theory, preequilibrium theory,
and fisaion theory. A number of theoretical improva-
menta have occurred over the paat few yeara, and some
of theae are cited below. Equally important for data
evaluation, however, has been the development and uae
of improved methods for determining parametera uased
in model calculations and the coming ¢f age of aeveral
mltistep Hauser-Feshbach/preequilibrium theory codea
that cen accomcdate tte mriad of reaction channels
open at incident neutron energies of 20 MeV and higher.

Optical Model Parameterizations

The optical model ia atill one of the moat impor-
tant tools for a good theoretical evaluation, vhether
dealing with apherical or deformed target nucleus. 1In
addition to providing a means to calculate energy de-
pendent total, elaatic, and reaction cross sectiona aa
well as elaatic angular distributions, it ia also used
to compute tranamiasion coefficients that ar= used in
Hauser-Feshbach or direct reaction calculationa, There
has been increasing recognition over the par aeveral
years that the old global or univeraal parameter aets
auch as the Hilnore-Hodgaon,' Perey,” or Becch-etti-
GCreenlees’ parametera, vhile very uaeful for acoping

Table I. Charged-Particle Reactiona For Which
Croas Sections Are Available From Zurrent LASL
R-Matrix Analvses

Energw
Range
Reaction (Me™ )
Tep, M7 E_ = C-11
3 P
T(p,n) Fe E, = 1-
3He(r.p)3“e Ep = =20
LHe(?.p)Lve Ep PR
Gl.i(p.p)6l.1 F'P = 0-2.5
6L1(F-ﬁ)3He Er = 2.5
ned,4)r E, = D10
3. a d
D(d.n) He Ed = 0-10
Dre,p)T" E, = 0-10
T(d,d)T Ed = N-8
3 3
He(d,d) "He Ed = 0N-10
3Hc(d.p)‘Hc Ed = 0-10
“yed,d) ne E, = 0-15
T(t,t)T E = 0-2
4 t
T(t,2n) LKe E = 0-2
4 4 t .
He(t,t) He Et = 0-1-
LHe(t.n)‘Li E = D-lu
4, 3. 3 4 t
He("He, "He) He 53 = N-11
He

a
Results prelirinary.

calculaticns of ocpecific nuclei. I: ir far prefer-

able to use optical mcdel parameters that are oyii-
mized ov'r a more licited region of A, such aE a par-
ticular ahell, at the same time preserving the_accerted
trende with energv and maas cf the narameteres, As a
rarult, there has heen a rernewal of efforts to detersine
realistic optical parameter for evaluations over the
past few vears.

A very uaeful technique for obtaining neutron opti-
cal parameters for apherical and def.rmed nuclei that
doee not require exteneivie sutomated leaat-aquares
fitting and can therefore be performed with modest com—
puting outlay haa been developed at Bruyeres-le-Chatel
by Lagrange and hia coworkers. Thia technique, re-
ferred to as the “SPRT" method, uses s~ and p-wave
atrength functiona and the potential acattering rsdius
aa data to aid in determination of the real and (sur-
face) imaginary potentials at low energies and then
uses the total crose section to establish their energv
dependence. Fine tuning of the potential is accor-
plished by adjusting the spin-orbit atrength to match
back angle elaatic acattering data and the imaginary
atrengths to match inelaatic scattering croas sections.
Proton elastic scattering and polarization data can
then be analyzed using the derived neutron parameters
to provide further information concerning isospin terms,
higher energy behavior, etc. The end resulta are nu-
cleon optical parameters auitable for uae over an ex-
panded energy range for a nucleus or nuclei of interest.
Such an analyaia for "’Nb 1a reported at thia confer-
ance® vith an example of _he quality of fit tc proton
polarization data shown in Fig. 2.

A aecond technique that alac averts extenaive
fittinp for deformed nuclei haa been developed by



Madland.? With this method, parameter: are determinad
fora apherical optical potential, which ia relatively
inexrersive to compute, by fitting all available total
nd differential elaatic scattering data. Simple trans-
ferraticne are then sought that will reault in realia-
tic deformec mrdel parameters by fitting a rmuch more
restrictes darta set ir a fully deformed coupled-channel
cptical nodel calculation.

Frelizirary regults from asuch ar analrais were
reporteZ at Harwell ' and are reprcoduced in Fig. 3.
s0lid curves rerresent neutron totsl croas sections
calculated with a spherical optical model deterrined
by fisting expecirenial data for all five actinides ir
Fig. . The damhed curve shown for °’*U was obtained
ir a deformed calculation using a aimple parameter
transfcrration deter=ined by sinultanteously fitting
“3' ynelastic argular distributions at only two ener-
gles (2.5 and 3.:i Mel). The 2% total cross sections
calculated with the deformed model agree with experi-
ment tc within + 3. fer neutron energies betweer 50 kel
and 1C MeV, Additionally, the geomatrical parameters
oktained in this analysis are reasonably similar to
ones obtained by lLagrange'®’!! using the SPRT method.

Saoma-Ray Scrength Functions

Another impcrtant aspect of model calculations is
to properly describe ramca-ray erxiasion, bcth ir esti-

The

ior. ir. Haurer-Feshbach calculations and in actually
corputing garma-ray emiasion spectra for use in evalu-
asicmf.  In =cet Hauser-Feshbach calculati-ns, the in-
tegra. of the preduzt of level dernsity and parma-ray
ssansmission coefficients is normalized to the experi-
pertal value of 2'<TT>/<D>. vhere <7y> and <D> gre the

average ramri wiZth ard spacing for s-wave reecnances.
Tuls ncrraliccstion dicectly influences the amournt of

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

nct always reliatle (especially where rescnance wspac-
irpr are iarge), and for compound systems lacking such
data, rellarce musz be placed upor determination of
these quanzities fror systematics. Since the observed
spacing <. car vary can vary draatically betweer near-
by nuclei ir. closed shell regions, conaiderable uncer-
tainty can exiat in calculationa of gamma-ray emission.
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Fig. 2. Calculated and mesaured proton polarization

from "’Nb(p,p) elastic acattering at 14.5 Mel. See
Ref. 9 for details.

An alternate approach haa been asuggeated by Gard-
nar that eliminatea many of thase problems, lead-
ing in turn to more accurate capture cross aections
vhere data is unavailable anc %c a better treatmen: of
gamra-rav corpetiticr. This method is hased uporn de-
ternination c¢f the gamma-ray strengtt furctien f(r )
defined by :

Q
<« > “n
a
—(D; = fle e (S - e, m
0
where Sn is the neutron separaticrn energy, EY ig :he
gamra-rayv energy, and £ ie the lcvel denrity of the
compound svaterm. The eleciric dipcle strespi! funstien
ig assura? to have a plar: dlrrle rescapnce (Pt} feore
piven by
ke T -
Y DR ()
) "———= 7 7 =
(cyepr)” * (=, ~Egpg)

Tne atrength functior can be extracted from the analvsis
of neutron capture croaa sectiona mesasured for atable
nuclei or through the analyaie of apectral data result-
ing from capture, Since the strength function is ex-
pected to vary srmoothlv between nearby nuclei, some

of the protlems mentioned earlie- car be eliriraced,
and cne car use it with increased confidence.

.Qn application_of this techrnicue by Gurdner®® f:r
the Rh(n,") and ' ‘Rb(n,*) reactiocns is shown i Tl
4. The sare strenptk function fr_(f“\ was use? for

. [}

beth -eacticons showr in Fip. 4: the vastly differone
capture cross sections resul: entirely from the 2:iffcr-
ent hinding erergier and level deneities used Ir the
tWwo CAases.
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Fig. 3.
aectiona for five actinide nuclei.



Improved Codes for Evalvations

A large number of colea useful for evaluationr has
been developed in many courtries, but apace does not
permit a thorough diacusaion here.

One major advarce in the paat zeveral veara that
will be diacussed, howvever, is the ceveloprent of sev=
eral multiatep Hauser-Feshbach statistical-preequilib-
riur codes that percit calculation of moat impcrtant
reactiona in the MeV region. Within the conmun1:¥ of
ENDF.'B evaluators, theae codes incl.ce the HAUSER 3
code developed at Hanford Engineerin; Development
Laboratory, the ™G!* code fro= Oak R!dge Na.ional
Laboratory, the ZTAPRE!® code writter in Austria and
extenaively used at Lavrence Livermore Laboratorv and
Brookhaven National Laboratory, and the GNASH!'® code
developed at LASL. Theae codes, vher used in combira-
tion with spherical and deformed optical model codes
and the older reaction theory code COMNUC, provide a
capability for calculating all importart resction se-
quences up to 20 Me\ or higher.

Typical reaction sequencea that car. be included
in multiastep calculationa are shown in Fig. 5. The case
illuatrated ir for neutron—-induced react:ona on %y
which were recently calculated with the GNASH code.l®
The double arrows indicate the path from “he incident
channel to the firat compound nucleus "*Y$, whose de-
cays correspond tc the binarv (n,v), (n,p). (n,2), anéd
(n,n') reactions. The variocus compound nuclei shown in
the diagram are populated in specific energy, apin,
and parity states, and each ntucleus is permitted to de-
cay by n, p, a, and/or v emiasion until the decay ae-
quencer terrminate, The most complicated sequences
ahowr in Fig. 5 are (n,2nvy), (n,2np), (n,2n%), and
(n,3r) 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 momentum effects, The ING, HAUSER,
and STAPRE codea include width fluctuation corrections
for the lower energy calculations, whereas GNASE, whi:zh
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Fig. 4. Rb(n,Y) and Rb(a,Y) croas asectiona betveen

10 ket and 3.3 MeV. See Ref. 12 for detaila.

is designed for higher energy calculattiona doea not,
All four codes include preequilibrium models that are
used to correct the binary reactiona for nonequilibrium
effecta. In the case of TNG, a new model (des:ribec
in a later pnper") haa beer included to incorp:rate
conservatior of angular momentur in the preequilibriu-
step. This modz]l errures consistency hetweern the sta-
tiatical and oreequilitriur farts of the calculations.
Particle spectra are cilculated ir all four codes, an2
all except HAVSEF alsc ocutput pamma-rar 8pectra. The
HAUSER, CGNASH, and TNCG codes allow input of externally
coxmputed direct-reacticn crcas aections tc specific
atates, whiclh are combtined with the Hauser-Feshbacl.
calculatione ard, ir the case of GXASH and T:7, are
included explicitly ir. the gamma-ray cascades, The

TNG and HAUSER codes calculate compourd nucleus anpular
distributions, whereas GNASH and STAPRE rely upcr ex-
ternal codes for these effects. STAPRE, HAUSEF, and
GNASH all have fissisn channels, with a doutle-huzred
barrier being availatle for use in HAUSER and STAP:E.

In the past frw vears these codes havs been exten~
aively developed and used in support of data evaluation,
and examples of calculations are given below. The Xu=-
clear Models Subcommittee of the Croas Secticn Evalua-
tion Working Group has been carrying out code compari-
son studiea with theae and other codes, and even more
detailed comparieons have been made between codes uased
at LLL and LASL,.2°

Exazples of Recent Calculaticas

There are a nurcber of exarples that can be cited
where the abcove codes have been successfully appiled
to evaluation problems. The FAUSIE code has been nsed
extenAively by Mann and Schenter*' in calculations cf
actiride crosa sectione for ©TNDF/E=V. Sini’arl\ Fu
has used TNG for ENDF'L evaluaticns of “"Ca, : ’e
and Pb,2" and for Cu and Xt calculations to 3“ MeV,
Calculat ons with STAPRE include comprehensive analvses
by . fiardner of neutron-induced reactions or zirconiur
1notopes7' and by Do Gardner of neutror. reacticns on
33 targe: states of !7Erifip, 27 Additionally, an an=-
alysis" of neutron renctions on hariur. imotopes with
STAPRE L

3
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Fig. 5. Sample reaction decsy sequences from neutron
interactions with **Y as calculated by Arthur (Ref.
18).



STAPRE have been performed. Recent analyaes with the
GRASH code include atudiea of neutron-induced reactiona
to 20 MeV cn 3 total of 10 imotopes of vttrium and mir-
coniur,!? to 40 MeV for 5“Fe aned *%Fe,?" to 20 MeV for
the fcur_princiral isctopes of tungsten,’? and to 22
el for 795 and :'Vr. %

70 1llustrate the potential of suck calculatione
wher care is taker with parcretecizations, Fipgs, 6-8
show co=pacisons between calculated snd exrerirmental
crose sections fror the CHASE aralysis of vetriuc and
zirconiur 1|otopes." In this study, cornsifiency waa
required cf the optical mdel parameterizations for all
the vettrius and zirccrnicr isctores, and several differ-
en: ryper cf neutr:m znd charped-particle exparinerts
were fit to deterrine cptical rarametera. In addition,
a careful siudy waf made using Gardner’s method!? to
obctain relia*le ga—ra-ray strength func:ions.

Gazmz-ray energy spectra from GNASH calculationa??
for ireon are compored o the experimental data cf Chap-
mar. €2 al,”“ at f ..r incident neutror energies ir Figs.
9-17, In this case, the model parameters were deter-
rined ertirely fror other measurements, so the compar=-
isons with the garma-ray spectra provide s test of the
calculations. Although the calculationa 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, ahown in Fig. 13. Thus,
there appears tc be a discrerancy hetween the twe ex-
periments near 14 MeV, and Arthur’s calculations tend
to support Drake's neasurerert.

The reu:ror erission spectra calruiated for 36=-Mel
neu:zrene inciden: on lron are showr at 0, 9C, and 180°
i~ Fig, 14, 7Th¢ high enerpy lines in the spectru~ re=-
sult ‘ror Fel=,n') reactio=s tc discrete states, which
were chtaines in DWBA calculaticrne an? are strongly
fcrwasc¢ peaked. The ang:lar distiibutions ir the con-
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tinuum region were calculated f{gm seriempiricsl rela-
tionahipe datermined by Kalbach and based on preequi-
libriur theory. The breaka in the spectrur in the con-
tinuur region indicate the tcundariee of 5-le' wide
seconda-y energy ins, each cf whicl was givex a ser=
arate angular distribution fror the Kaltach fcrmalisr-,
This representaticr. reaults frow an ad hoc modificnricn
of the ENDF/R forrat to accomodate the prozoun.od f-r-
ward peaking of spectrs at energies akove 7 Ye',

The garma-ray erissior spectrur that is calcu’atzed
for i0=MeV incider: neutrcrns is ghowr in Fip, 17, Ie-=
tropy war assured for &ll eritted garma Tave, and the
standard ENDF'B forrats were acequate tc rerresent the
calcylatiers.

Finally, a compariscn of calculated fissien’’ [roee
sectiors for 35 and 2P!r uick: experimercal data s
chown in Fig., 16. 1In this case, a #irple sinyle~t:-*
fissior barrier nodel in the CNASE code was optism:ize:
to the data showr,, for the purpose of rroviding ade-
quate fission rompetiticr in calculations of (m,x}
reactions.

LtE O F/B=\

The nev multistep Hauaer-Feahbach codea and the
older direct reaction and compound nucleus theory coder
provide a very useful arrav of tocls for optimizinp dava
evaluations. It is usually creferatle in caees here
measurenerts are available to base evaluated zeotel e=d
fiasion crose sections crn €irect experimental datsa,

In such cases, the use of nuclear rodele car eneure
consistency ¢f the ce=aininp evaluated cross sestic:n-
through cdeviatlon cf parareters which sirultaneruvl-
describe all channels, Evaltuaticns detcrrmines wi:zl
this match of theorv and experiment coffer the adw-ansarze
ta
satis’y the basic reqiirements ~f corserva:icrn rf :zrzil
energy and flux.
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Fig. 6. Measured and calculated elastic and inelsatic neutron scattering from '%y.

See Ref. 18 for de:ails.
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Fig. 8. Massured and calculgted crosa aectiona for the "artn,np)tY,
"Zr(n.ln) *2r, ""2r(n,n’ )", and * Zr(n,Zn) ’r reactiona. Sae
Ref. 18 for dataila.
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Wrile nuclear theory has been frequently put te pcoc
use in evaluations, its applicazion has tended to be
somevhat piecereal with the result that energy conserva-
tiorn has frequently nct been satisfied. Exarrles of
this protler are rrovided in a recent study of energy
balance in ENDF/B-V evaluations by MacFarlane.’® FKERMA
facters, which are simply the energy given tec charged
reactions products, were computed for a variety cf non-
fissile nuclel at a selection of incident energles by
suttracting the energy carried awav by neutrons and
protons fror the total energvy (E+Q) available tc each
reactiorn. Lower and upper limits based on general cor-
siderations were determined for the KERMA factors for
most reactiors, and tests were made tc see if the ENDF/B-
B=\" jata sa%isfied 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-2Mel'), and FUSN (2-20 MeV).

A rating of "P" means that KERMA factors computed in
this manner are inadequate for most applications and
indicates rather significant ( 1-107) 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 significanc problems. Addi:ionally, one might
take the point of view that conservation of energy
should be essantially inviolate in evaluations, in much
the same manner that evaluators require that all neutron
cross sections sum to the total cross section. Care-
ful, consistent 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 evsl-
uations, Areas highlighted here are the uae 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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pug
TABLE &

GUALITATIVE RATING OF ENERGY BALANCE FOR MATFRIALS FROM ENDF/3-V
(G=Gooc, Fe=Fair, P=Poor) BY ENERS* RAYGE
(THER<1 keV, FAST=1 keV to 2 MeV', FUSN=2 to 20 MeV)

Material! THER FAST FuUsSk Material THER FAST FUS.
H~1 G G G K * * P
H-2 G G G Ca G G G
L1-6 G G G Ti G F F
Li-7 G G G \Y [ G F
Be-9 G G G Cr * * P
B-10 G G G ¥n-55 P P P
(o ¢ G G Fe * F P
N-1l« 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 c F Mo * * *
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
s1 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
C1 * G * Pt * G F

.Tests masked by el=ment effect

+Possibly masknd by internal conversion



multiatep Hauser-Feahbach/preequilibrium model codea
that permit rather complete calculationa in the 1-40

MaV region.

Additionally, problems with energy balance

in ENDF/B-V evaluationa are noted, and we conclude that
mor,» conuistent use of theory in evaluations is needed
sc that total snergy conservation is maintained.

scope of this paper be limited.

Time and space limitations have dictated that the
There are many other

deveicpnents that should lead to further improvement

ir. theoretical calculations.
£ion models as described by Lynn," Back et al.,?’
Delagrange et al,’!

More sophisticated fis-
end
are r.anned or in use ir certain

model codea, and advances are being made in preequi-
litriuwr theory which cffer procise of mere accurate

analyses in the future.

Efforts to base mndel calcula-

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

sitles
applied usage.

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

neutron energy spectra fror fission has been develcwed."l
ard a new "master" code that will corbire and refine

some of the models presently used is under development

at lLawvrence 'ivermore Laboratory."

Finally, progress in developing a unifed theory to

include both Hauaer-Feahbach and direct reaction mach-

anisms has been made in recent yeara,

“3:4% and multi-

step direct reaction calculations as carried out by

Ta=vra et al,

“S might prove useful in extending the

evaluatec date base tc higher energies.
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