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I. Introduction

Production cross sectioq and spectra of photons emitted in
neutron-induced reactions are basic data for radiation
shielding analysis and heating estimate in both fission and
fusion devisec. Since experimental information over a broad
incident-neutron energy range (in the MeV region) and for a
large number of nuclides is not easily obtainable owing to
the difficulties inherent in measurements of this kind,
model calculations have to supply it.

In this context, it is useful to check the reliability of
commonly-adopted nuclear model reactions and codes together
with suitable parametrization of nuclear structure data
{such as gianE resonance parameters and nulvear level densi-

ties) in predicting gamma-ray production data too, in addi-

-tion to the well-studied fast neutron cross sections.

From a theoretical point of view, this investigation is of
some interest in elucidating the mechanisms underlying nu-

clear reactions and de-excitation processes induced by fast
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neutrons. Moreover, as outlined by Larson, evaluations of
photon production c¢ross sections, referring to the 2?
———> Ot transition in even-even nuclei in the mass re-
gion ﬁgSO—GO (comprehensive of most structural materials),
make an estimate of neutron total inelastic scattering pos-
sible.

In fact, these medium-mass nuclei are observed to decay from
excited states mainly through the 2t state, due to its
strong collective character. Thus, the cross section for
population of this 1level approximates the total inelastic
one to within a few per cent.

If measurements of total inelastic scattering cross sections
are clearly difficult, since they require direct observation
of scattered neutrons, activation analyses to obtain
charged-particle emission cross sections are impossible when
Einal nuclei in the relevant processes are stable. There-
fore, in many cases knowledge of total and elastic scatter-
ing cross sections, together with an estimate of the
magnitude of total inelastic scattering reaction, can supply
reliable information about the unknown {(n,p) and (n,alpha)
cross sections. Calculations for J4%Pe and 2%re,

where experimental data about these processes are available,
can supply useful c¢hecks of adopted nuclear models and
parametrizations.

Finally, discrete gamma-rays emitted in {(n,n'xgamma) re-
actions provide the unigue signature of the final nucleus

involved in the process and, consequently, information on
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the relevant tertiary-reaction cross section, which becomes
important for En > 10 MeV in the A=50~60 mass region.

An evaluation of neutron cross sections and photon pro-
duction data for chromium isotopes in the continuum region
has been recently carried ocut at ENEA Nuclear Data Labora-
tory in BOlecgna. An analogous evaluation work for stable
iron isotopes is presently undertaken. The adopted formalism
and codes to calculate the relevant c¢ross sections and
spectra are briefly described in the followinf sections.
Finally, some results for 54re and 36Fe are shown

and discussed.
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II. Optical model calculations

The spherical-optical-model (0OM) parameters deduced by the
Los Alamos group have been adopted in the c¢alculation of
total and shape-elastic scattering cross section; the ge-
cmetrical parameters of the real part of the OM potential
have been slightly varied in order to reproduce the exper-—
imental data above Ep T 10 Mev at best as far as
charged-particle emission channels are also concerned.

The calculated cross sections and s- and pewave neutron
strength functions agree fairly well with the corresponding
measured guantities at En’: 1Mev.

The deduced OM transmission coefficients have been then in-
troduced in the usual Hauser-Feshbach formalism, to obtain
compound-nucleus formation c¢ross sections for all open-
channel reactions in the considered inciQent—neutron energy
range (Ep g 20 MeV). Statistical fluctuations have been
accounted for in all the reaction channels up to Ep = 3

MeV.
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11I Preequilibrium contributions

Preequilibrium contributions have to be included in addition
to usual statistical cross sections in the higher incident-
neutron energy region (E, > 10 MeV). This has been car-
ried out for neutron, proton and alpha emission channels.
Our version of the PENELOPE code, written by Fabbri and
Reffo, which has been extensively used for statistical model
calculations in the present evaluation, has been slightly
modified in order to take into account these preeeguilibrium
components.

For sake of semplicity, we have considered the naive exciton
model without angular momentum conservation, since we are
mainly concerned with photon production data which are are
less sensitive than emitted-particle spectra to the realis-
tic and improved details of the adopted preequilibrium
madel.

Therefore, preequilibrium contributions to be added to the
statistical cross sections and spectra are simply given by

the following formulae in our approach:

(pe)
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where the indices o and FS refer to the incident neutron
and the emitted particle, respectively. E ¢ is the
kinetic energy of the incident neutron and Ef& of the
emitted particle, while E is the excitation energy of the
nucleus. As usual, is the cross section for compound-nucleus

formation. Moreover,

| . E 'nv(e ) w(P‘F{BihluIE )
Wﬁ(m,é,fp)S QF?' }" (5 w(]ph E E )

ith §, M_d i d £ th
wi ﬁ:fVB PP spin, reduced mass and mass number o e
emitted particle, respectively. U is the excitatlion energy
of the residual nucleus, once the beta particle has been
emitteds

Y
cf (EP) is the compound-nucleus c¢ross section for the in-

verse process where an incident beta particle is assumed.
yav

GE,GEp> is obtained by means of optical model calcu-
lations with the parameters discussed in the previous sec-
tion. The energy term, Eg, takes into account the
finite depth of the hole-potential.
The particle-hole level densities, W , as function of both
hole- and particle-numbers (h and p, mspectively}) and
excitation energy have been assumed in the form given by
Kalbach; the same holds for the QI3 factor which represents

a correction factor taking into account differences between

neutron and proton excitons.
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The fraction of time, T{n,E) with n=p+h, spent by the nu-
clear system in an excited configquration with n excitons and

energy B, is given by:

h-.2
T(o: nEeOT [FEen©]

(40-2)
E;&ax.
A _
["th(E)] = ;\*(m‘ E) + SZ \/\/6 (m,Eng)c{Eg)

where the summation is extended to all the open reaction
channels,

+-
The strength,A-ﬁh,E) . for transition to more complicated

configurations with (n+2) excitons has the following form:

+ _ 2T 2+mEE)
X(mig)-:ﬁ._[Ml Cd§,(; (S ),

+
rd
where Ldf_ is the density of final states, deduced by Betak

v .
and Dobes, and M an average matrix element for nuclear tran-

147
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sitions, whose expression has been derived by Kalbach. Its
value is taken as an adjustable parameter.

Finally, once a neutron or a charged-particle has been emit-
ted or the nucleus has achieved statistical equilibrium, the
system can further decay from its excited configuration by
particle emission or gamma-ray de-excitation cascade. In the
latter case, we assume that the pre-equilibrium configura-
tions have the same spin and parity distribution as the cor-
responding statistical confiqurations at the same excitation

energy.
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IV Statistical model calculations and nuclear structure in-

formation

as for the choice of nuclear structure ingredients in the
statistical calculations performed by means of the PENELOPE
code (Fabbri and Reffo, unpublished), we have adopted nu-
clear level schemes and gamma-decay branching ratios from
the recent literature (Nuclear Data Sheets and references
guoted therein), supplemented by theoretical estimates.
Nuclear excited states, in addition to neutron and/or
charged particle emission, are assumed to decay by means of
El, E2 and Ml electromagnetic transitions both to continuum
and discrete levels. Higher multipolarity transitions have
been considered only for gamma-decays between discrete lev-
els.

Use has been made of the Brink-Axel hypothesis, so as to re-
late transmission coefficients for neutron radiative capture
to photon absorption in the giant-resonance regions by means
of the principle of detailed balance.

The isovector giant dipole resonance has been described by a
two—humped Lorentzian shape whose parameters have been fit-
ted to the experimental data on photon absorption and scat-
tering. Further information has been provided by theoretical
calculations within the framework of collective models of
nuclear structure and energy-weighted sum-rule approaches.
Owing to the lack of detailed experimental data, isoscalar

and isovector giant gquadrupole resonance parameters have
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been deduced from semiclassical and sum~rule estimates;
moreover, isovector giant spin resonances, in particular M1,
have been completely neglected, since they are likely to be
largely fragmented or even suppressed from available meas~
urements.

The cross section for emission of a particular gamma-ray has
been then calculated by following the gamma-ray cascade oc-
curring after each inelastic process induced by the incoming
neutron. The preequilibrium contributions have also been
considered, as outlined in the previous section.
Furthermore, the present ;tatistical calculations allow up
to seven successive gamma-ray emissions to reach the ground-
state of final nuclei in each exit channel. This limit is
high enough for incident-neutron energies less than 20 MeV.
In fact, an average photon multiplicity of less than or
egual to six was recently measures for both (n+52Cr) and

(n+56Fe) reactions by Oblozinsky and coworkers.

10
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V Nuclear Level Density

The level density of the nuclei involved in the present evaluation were
calculated according to the following prescriptions:

1) the availahle experimental discrete level were used at low excitation
energy.

2) A unique formula (see below) were used to reproduce the level density
at both low and high excitation energies. ,

3} The parameters of the adopted models were determined from either
experimental information or from a local systematics built up for
the present evaluation.

A Fermi-Gas formula were used of type:

3+1) -
@7 +1)e" ", 2 L2/t
pll, J, M= 2 26 ay2 U5 Fparl» T}

where U is the excitation energy, ¢ is the spin distribution cut-off pa-
rameter and a is the level density parameter related to the single par-
ticle level spacing.

. The Fermi-Gas formula has been corrected for various effects. Namely:
- odd~even effects
Parity effects can he treated re-defining the excitation energy
gr = U -4
where § is the pairing energy.
- shell effects

The shell correction to the Fermi-Gas Model can be made taking, as sug-
gested by Igniatyuk, an energy dependent parameter a:

a@) = apO01 + 2 (1 - oY

where a(¥) is the asymptotic or Ferll-Gas value. y is a parameter that

we have taken to have a value of 0.054 MeV—1. §4E5, is the shell correction
enirgy calculated as suggested by Igniatyuk from mass-Liquid Drop Model
values.

-parity effects

When suggested by microscopic (BCS) calculations that there could be
parity effects we have approximated the correction term as

all

1/2 tanh—z— In=-1
Fo o, II) =
par 1-12 tank L =,
where [l is the parity of the composite system. The parameter o were

determined either by BCS calculations or by the requirement that both the
level spacings <D0>;_g and <D>1_; had to be reproduced by the calculations.

Using this approach we have realized that it is possible to fit at the
mean time the level density at low excitation energy as well as at the
neutron binding if, in addition to the parameter a(X) we also fit a pa-
rameter Af to be added to the effective excitation energy :

U™ = U + Af

Therefore, in summary we have fitted only two parameters,. a(%) and Ag,
for each nucleus where low-lying levels and level spacing were known and
one parameter, Ag, for nuclei of uninmown level spacing at the neutrom
binding energy. For the latter, the parameter a(X) were taken from the
systematics which is much more reliable once that the corrections de-
scribed above are applied.

In fig. 1 we show the systematics of both Ar and a(¥) determined from

level spacings oend low-lying levels fit. As one can see the behaviour

of a(%) follows reasonably well the Fermi-Gas result a o« A. On the,] o}hg n 0 3 1 "
&
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hand A¢ does not show any systematic trend. For the mass region under
study we have observed in any case -0.8 MeV < A¢ < 0.3 MeV.

Figs. 2a, 2b, 2c, 2d, 2e, and 2f show the fit of the comulative number
of low-lying levels for all the iron nuclei inveoived in the present
evaluation. As one can see the fit is quit good for all isotopes, con-
firming the validity of the technique used for the calculations.

?ha level density parameters used in the calculation are given in Table

14128%13
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VI Results

The calculated cross sections for (n,2n) and (n,p) reactions
on 9%Fe and 3%Fe are shown in figs. 3-6, in compar-

ison with experimental data. Dashed and solid lines refer,
respectively, to calculations performed without and with
preequilibrium contributions, and different choices €£or
level density parameters.

Finally, figs.7 and 8 present the calculated emitted-neutron
spectra in (n,n') inelastic scattering reactions on both
54Fe and 56Fe, respectively. The preeguilibrium com—

ponent (dashed line) has been added to the statistical spec-

trum (solid line) in both cases.

e

13
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Level Density Parameters
Mass region 45 < A < 60

Nucleus a(*) gamma alfa fdeltd
(MeV-1) {MeV-1) (MeV-1)(MeV)

e 2y o e ey e e e e e e e ——

csig2

46-T1 (5.250) 0.054 0.20 -0.6898
47-Ti 5.467 0.054 0.20 0.5024
48-Ti 5.738 0.054 0.20 -1.,2853
49-Ti 6.148 0.052 0.20 -0.0944
50-Ti 6.217 0.054 0.20 -1.9975
51-Ti 6.790 0.054 0.20 -0.5587

49~V (5.750) 0.054 0.40 0.8403
50~V (5.750) 0.054 0.40 1.4105
51-v 6.455 0.054 0.40 -0.5750
52-v 5.862 0.054 0,40 1.2657
53-v (6.250) 0.054 0.40 0.2702
54~V (6.500) 0.054 0.40 1,152¢

49-Cr

50-Cr (6.000} 0.054 0.40 -~0.9089
51-Cr 5.582 0.054 0.22 0.7209
52-Cr (6.250) 0.054 0.40 -1.2161
53-Cr 6.387 0.054 0.19 -0.1564
54-Cr 5.881 0.054 0.40 -0,9692
55-Cr 6.529 0.054 0.19 0.0297

53-Mn  (6.250) 0.054 0.40  0.4055
54-Mn  (6.250) 0.054 0.40 1.4318
55-Mn  (6.500) 0.054 0.40  0.2425
56-Mn  6.604 0.054 0.40 1.5288
57-Mn  (6.750) 0.054 0.40 0.3875
58-Mn  (6.850) 0.054 0.40 1.4444

52-Fe

53-Fe (6.250) 0.054 0.20 0.4612
54-Fe (6.250) 0.05%4 0.40 ~1.0519
55-Fe 6.728 0.054 0.20 0.2832
56—-Fe (6.750) 0.054 0.40 -1.0518
57-Fe 6.691 0.054 0.20 0.3700
58-Fe 6.277 0.054 0.20 -0.5542
59-Fe 7.114 0.054 0.20 0.1138

Al
(ga~fﬂie121a. = ,{L* -—-E;

0.0139
0.0139
0.0139
0.0139
0.013¢9
0.0139

0.0139
0.0139
0.0139
0.0139
0.0139
0.0139

0.013¢
0.0139
0.013¢
0.0139
0.0139
0.0139

0.0139
0.0139
0.0139
0.0139
0.0139
0.0139

0.0139
0.0139
0.0139
0.0139
0.0139
0.0139
0.0139

sig2(lev)

5.2583
7.8409
4.6964
7.2692
5.7817
7.9667

7.0714
9.05386
8.2105
6.5536
6.7727
6.1250

7.2679
8.9375
9.0662
8.9800
7.0139
6.3261

9.7581
8.1250
6.5192
7.1685
7.5833
6.1250

8.9130
6.6875
8.6750
5.6402
4.6875
6.8472
4.5476

3.470
3.300
3.080
4.520
2.120

Beut
(MeV}

14120315
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