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l!.D. Arthur ~d P. G. Young

Los ALamos S’:ientificLaboratory, University of California
Theoretical Division
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The use of high energy d+Li sources to produce neutrons for radiation ia?mge rrtudles
will require evaluated neutron cr.ss sections up to energies of 40 FfeV. .EXperimental data
in this energy region are scarce, and reliance must be placed upon nuclear wdel calcula-

tions to provide the necesaa~ cross sections.
5“Fe and

We have thus calculated neutron-induced
56Fe be~ee~ 3 and LO ~ev using the mdtistep Preewlllbriurcross sections on

Rauaer-Feshbach model code GNASH. Special care was taken in the determination of optics]
model parameters applicable over this wide energy ranRe throug}. use @f, and couparisor. tc,
neutron total cross section and ●lastic angular distribution data, (p,n), and (a,n) data,

as well as other high ener~ proton induced reaction cross sections and sFectral results.
The preeauiliorfum-statistical calculations using these Parameters as veil as gamma-ray
strength functions, level densities, and discrete level information reproduce well most
available experimental measurements above 3 MeV for varied ret,ctiontypes including 6ramma-
ras production data.

(5“’SsFe, Neutron Reactions, Evaluation, 3-40 MeV calculated U(E,E’C), Hauser-Feshbach, Precqui:ibriuu, DhW Models)

To satisfy data needs of the Fusion Materials Ir-
radiation Test Facility (FKIT), we have evaluated neu-
tron induced cross sectinna on iron up to energies of i
60 *V. The results were then joined to the existing
ENDF/B-V evaluation belov 3 NeV

Since little experimental data, with the exception
of total cross sections, exist for neutron energies
above 20 Met’,the major portion of our evaluation relied
upor. results froc nuclear model calculations. The reac-
tion mechanisms gcverning neutron-induced reactions in
this energy range can be described mSinlY ~Y ~~ns of

the Hauser-Feshbach statistical model along with cor-
rections for preequflibrium and direct-reaction effects.
For proper use cf these models, suitable input pararrr
eters (optical model sets, gamma-ray str:ngth functions,
nuclear level densities, etc.) must be determined that

are applicable over the entire energy range of interest
in the calculation.

Neutron and charged particle transmission coeffi-
cients were calculated using spherical optical model
parameters, For neutrons, these parameters should be
constrained to provide reasonable agreement with higher
energy experimental data while reproducing ?OV ●nergy
information, By doing eo, both the criteron of real-
tstic compound-nucleus formation croae sectiow (im-
portant over the entire energy range) ●nd reasonable 4
!raviorof low ●nergy tranamiaaion coefficient [impor-,
tant in cases such as (n,2n) where low energy neutrons
●re emitted] can be -t. tie determined neutron opti- ,
cal parameters using the method developed by Lagrange’
in which lo~ energy reaonmnce data are used siraultane-
oualy to supplement information obtained from fits to I
data at higher energies. The reesxltingparamatera ap- I
pear in Table I.

Proton and alpha particle optical pnramatera were ~
determined uaiag se ● basis publiehed sets obtained
from experimental data fits in the masa and anargy I
range of interest to our calculations. They were then
adjusted to better rapr~duce data at low ad Mh 1.uci7
dent ●nergies. For ●xsmplc, the Perey2 proton optical ~

potential was used with the addition of an Inergy de-
pendent term in the imaginary potential to batter fit
reaction cross section data up to 30 ?4eV, The compari-

55~(p$n) ~roS8 9action to ●= ‘
●on of our calculated
perimental data (shown in Fig. 1) providea ● rnaaure o<
the lcw enargy behatior of these pammeters. A similar
procedure waa followed for the s.lpha-particleparasae- ‘
ters we chose by -kLug cmparioons to

J

‘%(a,n) ●nd
‘%n(a,n) results.

—

TABLE I. Neutron Optical Parameters for Iron

1 r(fm) a(fro)

V(Me\’)- 49.747-0,4295E-0.0003E2 1.2865 0.561

USD(?!e’.’)= 6.053+0.9741 1.34L8 0.L73

Above 6 Me’:

‘SD
(MeY) = 6,497-O.325(E-6.)

wvol(NeI’)= -0,207+0.253E 1.3LL8 0.L73

VSo(IleV)= 6.2 1.12 0.47

Gamma-rav competition to particle emission can be
important, particularly around reaction ~hresholds. In
our calcula:lons, the average s-wave resonance parame-
ters cry> and <D> used to normalize gamms-ray transmis-

sion coefficients are not available or reliable for

[

y of the compound system- involved. For this reason
● have determined •p,jr~ximes germs-ray strength func-
inns aeaumin a giant dipol~ resonance shape from fits
o f‘“Fe and s Fe capture cross sections. Since such
trength functions are ●xpected to vary slowly over a
Imited mesa region, we ueed eimilar forma for all com-
und nuclei. I

Having determined conaiatent acts of input parame-
era, wc then performed multiatep Eauoer-Feshbach calcrJ-

‘“Fe and SCFe be~een 3 and ~CIMev usingations on
he GNASH” preequilibrium statistical model code. A

I
ample decay chain uned at higher energies is shown in

I

:g. 2. For each nucleus in the decay chain, we used
he Gilbert-Camerorislevel density model to describe
he continuum axcit~tion ●nergy region ●long with avail-
ble discrete level infor?wtion. Pree:uilibrium correc-

~

ions were made using the IQlbach’ exeiton codel.
itscethe preequillbrium -del could not ●dequately de-
cribe ●xcitation by inalastic sce~’’.ringof the collec-
ive “’’s’Fe levels, and since angular distribution
formation vaa needed, we parformad ~A calculations

or 27 levala using dei,rmation p:ramstera determined
rom proton Inel-stic Jcattcr.fng.

A esmple of the calculated reuults fox ‘6Fe ●ppear
n F::g.3 where major croes aectiirnaare shown from
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their threaklda up to 40 lW. At higher neutm ~r-~
gfes, proceaeea lmvolving e~lex chains such m n,2np
(cum of n,2np + n,npn + n,p2n) become ~ortant. For
this remm, and in order to ●dequately describe galWIS-
ray pr~ductlon cross aec:isms at higher ●nergies, it
was necessary to employ the complicated decay chain of
Ffg. 2 in which both neutron and proton decay patha
were follcmed.

Recently measurements have been made of neutron
ond charged particle emission spectra at 15 heV. Such
dsta provide useful checks of the calculatlona, partic-
ularly with reepect to preequflibrium correcti~~a. Fig-
ure 4 compares our results to proton production apectram
=asured for 15 )4s1”neutrons incident on “Fe, while
Fig. 5 illustrates calculated and ●xperimental*’lo neu-
tron ●miaalon lpectra induced by 14.6 Met’neutrons.

In contrast to the lack of neutron differential da-
ta available above 20 MeV, there often ●xist proton re-
ectlon data, a comparison to which is useful in provid-
ing further checks upon the calculation of neutron in-
duced cross sections at higher energies. We performed
$cpe(p,~) calculations using the parameters and tech-

pfquea described ●bove. The ●greement betveen CSICU- ,
~tion and experhnt ●hmm b Fig. 6 lend, tomf idence ;
to our tmthmlques amd Parmtar values at higher imci-
dent energies.
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Pig. 2. Decay chain used for n + ‘sFe ●t higher
ener81es.——_—___ ___ --l
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