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EVALUATED NEUTRON-INDUCED CROSS SECTIONS FOR °4,56Fe TO 40 MeV

by

E. D. Arthur and P. G. Young

ABSTRACT

Cross sections for neutron—induced reactions om J%4s56Fe
were calculated employing several nuclear models——optical,
Hauser—-Feshbach, preequilibrium, and DWBA--in the energy
range between 3 and 40 MeV. As a prelude to the calcula-
tions, the necessary input parameters were determined or ver-
ified through analysis of a large body of experimental data
both for neutron- and proton-induced reactions in this mass
and energy region. Calculated cross sections as well as neu-
tron and gamma-ray emission spectra were incorporated into anm
ENDF/B~formatted evaluation suitable for use to 40 MeV., De-
tails of both the calculations and the final evaluated data
files are described in this report, and extensive comparisons
to experimental data are given.

L. INTRODUCTION

Nuclear data needs for the Fusion Materials Irradiation Test Facility
(FMIT) require evaluated neutron cross sections up to energies around 40 MeV.l
Since natural iron constitutes one of the most important materials for which
such data is needed, we have performed a comprehensive set of nuclear model cal-
culations for neutron reactions on 4:56Fe between 3 and 40 MeV. Calculated
results expressed in ENDF format were joined to the latest ENDF/B-V evaluation2
at 3 MeV to produce a new evaluation applicable to 40 MeV. Not only does the
present evaluation extend the Version V data to higher energies, but certain
energy balance problems occurring below 20 MeV are also corrected.

Since generally little neutron experimental data, with the exception of

total cross sections, exist above 20 MeV, the majority of the evaluatiom by



necessity depended upon results determined from nuclear-model calculations. In
this energy range, the reaction mechanisms governing most neutron—induced reac-
tions on medium—mass nuclei can be described by means of the Hauser~Feshbach
statistical model,3 along with corrections for preequilibrium and direct-
reaction effects. In order to use such models properly, suitable input parame-
ters (e.g., optical model sets, gamma-ray strength functions, etc.) must be de-
termined that are valid for use in both the mass and energy range of interest in
the calculation. Our efforts to determine and verify the choice of input param-—
eters through use of and comparison to several independent data types are de-
scribed in Sec. II. In Sec. III we describe briefly the nuclear model codes
used and present comparisons of calculated cross sections to available experi-
mental data, both for neutron and proton-induced reactions. Since our efforts
to express calculated cross sections, spectra, and angular distributions in
ENDF/B format resulted in the adoption of some nonstandard representations, we
describe in Sec. IV some of the formats used and present several examples of the

evaluated data at higher energies.

II. PARAMETER DETERMINATION
A. Neutron Optical Potential

The spherical optical model was used to calculate total cross sections and
elastic scattering angular distributions as well as particle transmission coef-
ficients for the Hauser-Feshbach portion of the calculations. For neutrons, the
optical parameters used to generate such transmission coefficients must be con-
strained to produce agreement with higher-energy data (total cross sections,
elastic angular distributions, reaction cross sections) while reproducing lower
energy information (average resonance quantities). By doing so, the double cri-
teria of realistic compound nucleus formation cross sections (important at all
incident energies) and reasonable behavior of the low—energy transmission coef-
ficients [important in processes such as (n,2n) where low—energy neutrons are
emitted] can be met. To determine such parameters, we followed the approach of
Lagrange and co-workers%4 in which low—-energy resonance data are used to simul-
taneously supplement and constrain parameters determined from fits to data at
higher energies. We chose a standard representation for the neutron optical po-
tential, that is, a real potential of the Woods—Saxon form, and an imaginary po-
tential consisting of a surface Woods—Saxon derivative form plus a Woods—Saxon

volume portion and a Thomas spin—orbit term. (For more detail on the optical
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potential, see Ref. 5.) In our determination of parameters, we included the
following data: (1) total cross sections between 2 and 40 MeV; (2) s- and
p-wave strength functions Sg, S, along with values for the potential scattering
radius R'; (3) elastic scattering angular distributions between 6 and 14 MeV;
and (4) reaction cross sections between 5 and 30 MeV,

The resulting neutron parameters determined from fits to these data types
appear in Table I. Figure 1 illustrates the total cross sections calculated
with these parameters compared to data available for natural iron.5"19 Below
2 MeV it was difficult to obtain reasonable fits to the data, primarily because
of resonance structure that persists in the total cross section up to energies
around 3-4 MeV. Optical parameters have been obtained20 that fit these data
at lower energies without unphysical parameter values but these are applicable
only up to 20 MeV. Since our fits covered a much larger energy range, the lower
energy portion was compromised somewhat to achieve reasonable agreement over the
entire energy range. The effect of this discrepancy is minimized to some extent
since it occurs at the lower end of the energy range covered in the calcula-
tions. Since reasonable agreement was obtained for s—- and p-wave strength val-
ues, this helps ensure the proper behavior of lower—order transmission coeffi-
cients used in the Hauser-Feshbach calculations.

Examples of elastic cross sections calculated with these parameters are
compared to data2l=36 perween 4.6 and 25 MeV in Figs. 2-6. In Fig. 7, compar-

isons are made to nonelastic cross sections37753 below 40 MeV. Our predicted

TABLE I

NEUTRON OPTICAL MODEL PARAMETERS

_ r{fm) a(fm)
V(MeV) = 49,747 - 0,4295E - 0.0003E.2 1.287 0.56
W (MeV) = -0.207 + 0.,253E 1.345 0.47

vol
VSO(MeV) = 6,2 1.12 0.47
WSD(MeV) = 6.053 + 0.,074E 1.345 0.47
Above 6 MeV

WSD(MeV) = 6,497 - 0.325(E-6)
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Measured and calculated elastic angular distributions
for iron. Experimental data are from Refs. 21-23,

nonelastic cross section over—estimates new results3/ available at 40 MeV that
were not available for inclusion in our fit. 1In addition, trends in the older
nonelastic data indicated a somewhat higher value when extrapolated to 40 MeV.
This over-prediction in the calculated reaction cross section at 40 MeV led us
to renormalize downward our calculated Hauser-Feshbach cross sections in this

energy range by about 10%.

B. Charged-Particle Optical Parameters

Proton and alpha particle transmission coefficients were calculated from
optical parameters based on published sets obtained from experimental data fits

in the mass and energy range of interest to our calculations. We adjusted the
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parameters to better fit various experimental data types available at low and
high energied¢., For protons, we began with the Perey54 proton optical parame—

ter set. We compared the reaction cross sections calculated using these

parameters to datad3,56 for p + 56Fe and found an over—-prediction above 30
MeV as shown by the solid curve in Fig. 8. We then added an energy dependence
to the imaginary potential to produce the short—-dash curve in Fig. 8, which is
in better agreement with the data.

We were also interested to determine how well these parameters reproduced
low—energy proton data. Recently there has been interest in the behavior of re-
action cross sections for cases where sub—-Coulomb barrier protons are con-

cerned.?’/ 1In the calculation of the 54Fe(n,np) cross section, the binding
6
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energy of the proton in the Shpe compound nucleus is 4.5 MeV less than that of
the neutron, leading to an incident energy range where only proton and gamma-ray
emission compete. To test the low—energy behavior of these parameters, we cal-~-
culated the 55Mn(p,n) cross section and determined that low—energy proton
cross sections?8:°29 were reasonably described, as shown in Fig. 9. Table II
lists the modified form of the Perey proton parameters that we obtained.

We followed a similar approach to determine alpha—-particle optical parame-
ters for use in our calculations. The Lemos setb0 determined from the analy-—

sis of 20 to 30 MeV alpha scattering in this mass region formed the basis for
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TABLE II

PROTON OPTICAL MODEL PARAMETERS

r(fm) a(fm)
V(MeV) = 58.384 - 0.55E 1.25 0.65
WSD(MeV) = 13.5 - 0.15E 1.25 0.47
VSO(MeV) = 7.5 1.25 0.47

rc(fm) = 1.25
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our parameters. Energy dependences for both the real and imaginary potential
were determined by approximate fits to trends in the potential depths given by
Lemos at several incident energies. Further guidance was obtained from measure—
ments made at higher energies in which such energy dependences were deter-—
mined. We checked the applicability of the resulting optical parameters by cal-
culation of 51V(a,n) and 55Mn(cx,n) cross sections®l,62 using the neutron
parameters of Table I. The results appear in Fig. 10. We did not attempt to
make further tests at higher energiles since in the calculations the emission of
higher energy alpha particles is influenced strongly by nonstatistical effects
that have a decreased sensitivity to the transmission coefficients used. The

final adopted alpha-particle optical parameters are given in Table IIL.
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TABLE IIX

ALPHA OPTICAL MODEL PARAMETERS

r(fm) a(fm)
V(MeV) = 193 - 0.15E 1.37 0.56
Wvol(MeV) = 21 + 0,25E 1.37 0.56
rc(fm) = 1.4




| T T T
.2— —

PEREY
1O — _]

a f .

B 08f— 7~ _

b MOD PEREY
0.6'_ —
04— —]

I ] | [

0 10 20 30 40

Ep(MeV)
Fig. 8.

Calculated p + 56Fe reaction cross sections compared

to experimental data (Refs. 55 and 56). The solid curve
results from the parameters of Perey,s4 the long—-dashed
curve from the parameters of Becchetti,168 and the short-
dashed curve from our parameters.

C. Gamma—Ray Strength Functions and Transmission Coefficients

Gamma-ray emission can be an important competitor to particle emission,
particularly around reaction thresholds. We chose to calculate gamma-ray trans-
mission coefficients through use of gamma-ray strength functions determined from
fits to neutron capture cross sections.®3 This method avoids many of the
problems that occur when the normalization of gamma-ray transmission coeffi-
cients is determined directly from the ratio of the average gamma width, <FY>’
and the s—wave resonance spacing, <D>, as is often doune in these types of calcu-
lations. Such <FY> and <D> values are not always reliable, especially in
the present case where information needed for compound systems away from the
line of stability must be inferred from the systematic behavior of such quanti-
ties. Gamma-ray strength functions should be more reliable since thelr behavior
is expected to vary slowly between nearby nuclei.®4 For this problem, we det-

ermined gamma-ray strength functions through fits to 54Fe and J6Fe capture

11
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datab3,66 helow 1 Mev. A glant dipole resonance shape was used along with pa-
rameters determined from photonuclear data., Only El transitions were consid-
ered. Some of our preliminary Hauser-Feshbach calculations of photon production
spectra indicated an lmprovement in the agreement of the calculated spectra to
the experimental results if a 45% reduction in the tail of the Lorentz curve
ugsed to represent the giant dipole resonance was made below €y = 9 MeV. This

alteration was also included in the form assumed in the determination of the

12



l—
-
)
b
ol | | | |
o 5 10 I5 O 5 10 {5
E 4(MeV)
Fig. 10.
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and 51V(a,n) reactions. Experimental data for the two
reactions are from Refs. 61 and 62, respectively.

strength function. The normalizing counstants obtained for the strength func-
tions through fits to 54Fe(n,Y) and 56Fe(n,Yy) data were essentially identi-
cal, differing only by about 5% even though the Shre capture cross section is
about 50% higher than that of 56pe,

Since gamma-ray production spectra were of interest along with cross sec-
tions for the production of isomeric states, we employed a detailed gamma-ray
cascade model in our Hauser-Feshbach calculations. In addition to El transi-
tions, we allowed gamma-ray emission by Ml and E2 transitions, which were norma-
lized to the El component through use of the Weisskopf estimate. A giant dipole

resonance form was also assumed for these transitions.

13



D. Discrete Levels and Level-Density Parameters

The inclusion of a large number of discrete levels (where reliable experi-
mental data exist) is advantageous in these calculations since such level infor-
mation results in more reliable cross sections, particularly around reaction
thresholds. Such level data also provide constraints to ensure a reasonable be-
havior of level-density parameters at lower—excitation energles. We took level
information--energies, spins, parities, and gamma-ray branching ratios——from the
compilation of Lederer and Shirley.67 A listing of the discrete levels used
appears in Appendix A.

To represent the continuum excitation energy region occurring above the
last discrete level, we used the Gilbert—Cameron68 level-density model con-
sisting of Fermi-gas and constant temperature portions. For the Fermi-gas part,
we generally used the level-density parameters, a, and pairing energies, 4,
given by Cook.®9 The constant temperature parameters were adjusted to produce
agreement with the cumulative number of available discrete levels while joining
smoothly to the Fermi-gas expression at an excitation energy, Uy. Both

Fermi-gas and constant temperature parameters appear in Table IV.

E. Preequilibrium Model and Parameters

Reaction mechanisms other than those described by the Hauser-Feshbach sta-
tistical model begin to have important effects on neutron cross sections and
spectra at higher energies. As part of the corrections to the statistical model
results, we applied the preequilbrium model based on the master equations method
of Kalbach./0 In this model, rates involving transitions between particles and
holes are directly proportional to the square of the absolute value of the ma-
trix element describing two-body residual interactions. The form for the square
of the matrix element has been recently parameterized by Kalbach’/l from fits

to higher energy nucleon—-induced reaction data as

u? = w . (1)
AT e
Here € is the excitation energy available per exciton, E/n, and f(€) represents
a function valid for different ranges of e, We used a normalization constant of
k = 160 MeV3 and the single-particle state densities were taken to be equal to
A;/13 where Ay is the mass of the ith residual nucleus. We also included

pairing effects in the calculation of excitation energies that may account for

14



Nucleus

480r

49Cr

SOCr

51Cr

52Cr

53Cr

hin

52Mn

53Mn

54Mn

SSMn

56Mn

51Fe

SZFe

53Fe

54Fe

SSFe

56Fe

57Fe

a
1

(MeV~

6.587
6.563
6.545
6.442
6.154
6.501
6.293
6.178
5.874
5.85

6.665
7.233
6.054
6.015
5.888
5.568
5.909
6.355

6.923

The quantities above are defined as:
a = Level density parameter of the Fermi-gas level density expression.

A = Pairing energy.

TABLE IV

LEVEL DENSITY

(MeV)

2.79
1.35
2.89
1.35
2.65
1.35
1.54
0.0

1.3

0.0

1.27
0.0

1.54
3.08
1.54
2.84
1.54
2.81

1.54

PARAMETERS

(MeV)

-1.379
-0.354
0.217
-1.098
1.069
-0.491
-0.91
-1.379
-1.154
-2.173
-0.82
-2.176
1.273
1.142
-0.357
0.322
-1.574
-0.224

-1.587

Eo and T = Constant temperature level density parameters,

Y

= Matching energy at which constant temperature and Fermi-gas expressions are

joined.

(MeV)

1.255
1.239
1.367
1.358
1.29

1.272
1.383
1.255
1.463
1.432
1.282
1.214
2.226
1.366
1.385
1.535
1.538
1.447

1.366

U
X

(MeV)

5.297
7.104
10.472
8.585
8.368
7.456
8.844
5.297
8.846
7.047
7.813
6.505
2.028
9.563
8.019
10.686
10.297
11.712

9.862

15



the slight difference in our value for k over that recommended by Kalbach,
namely, k = 135 MeV3,

In addition to preequilibrium effects, we also included for (n,a) reactions
contributions from pickup and knockout processes as described in a series of
phenomenological expressions derived by Kalbach.’0 These contributions, in
fact, produce most of the cross sections for the (n,a) reaction and allow
alpha-particle emission to be calculated without use of quantities such as
alpha—-particle preformation constants.

The prequilibrium model as it is generally used does not include angular
momentum effects so we assumed that the spin distribution of the preequilibrium
components would be the same as that obtained from the equilibrium Hauser-
Feshbach calculations. This approximation becomes worse as one goes to higher
incident energies where preequilibrium effects dominate in the emission of par-
ticles from the first compound nucleus. However, since parameters for the pre-
equilibrium model have in general been determined through the analysis of
charged—particle experimental data measured at energies of tens of MeV, the po-
tential effect of such problems may have been lessened through the phenomenolog-
ical parameter values obtained.

In addition to providing corrections to calculated spectra and cross sec—
tions, calculated preequilibrium fractions were also used in conjunction with
phenomenological expressions for secondary particle angular distributions deter-
mined from fits by Kalbach and Mann’2 to particle-induced reaction data.

Their analysis led to the following expression for the doubly differential cross

section:
8 8
dzc
Teia = 2, (MSD) ) byP, (cos) + a (MSC) ) byP, (cosd) . (2)
2=0 2=0
AR=2

Here ag(MSD) and ag(MSC) refer to fractions of the preequilibrium cross section
resulting from multistep direct (MSD) and multistep compound (MSC)
contributions. In our calculations, the multistep direct fraction could be
approximated through use of the total preequilibrium cross section, and the
multistep compound was approximated by using the evaporation portion of the

cross section. The Legendre coefficients, bz , appearing in Eq. (2) were found

16



in Ref. 72 to be essentially dependent only on the energy of the emitted
particle,

22 + 1

b, = — ,
2 1+ exp [AQ(BQ €)]

where Az and Bz depend only on %£.

F. The Direct Reaction Model and Parameters

The preequilibrium and Hauser-Feshbach statistical models are not adequate
to fully describe the excitation of low—lying collective states in 54,56p¢
through neutron inelastic scattering since strong direct reaction processes are
involved. The lower-order terms involving a small number of particle—hole pairs
in the preequilibrium model can approximate in a c¢crude manner the direct reac-
tion process and for this reason the exciton or geometry—dependent hybrid models
have sometimes been used to account for such direct effects in particle emission
spectra. We chose, however, to perform Distorted Wave Born Approximation (DWBA)
calculations to describe the excitation of collective states through the direct
reaction mechanism. We used the DWBA program DWUCK /3 along with the neutron
optical parameters of Table I. Observed differential cross sections can be

related to ones obtained from the DWBA calculation by

& " , <3, k0|3 k> |2 8% ot (), | (4)
where <JAk0|JBk> is the Clebsch-Gordon coefficient (in this case) for scattering
on a spin zero target nuc%zus. The deformation parameters 82 were taken fro?
values determined by Mani from analysis of proton inelastic scattering on Fe
and 56Fe. Table V lists the states for which DWBA calculations were made along
with the B2 parameters used.

The direct cross sections obtained for the levels appearing in Table V were
combined with Hauser-Feshbach calculations after the total compound nucleus
formation cross section was renormalized to account for the direct reaction
contributions. Because of the ambiguity as to the amount of the direct reaction
process accounted for in the preequilibrium model, preequilibrium corrections
were not applied to states having calculated DWBA cross sections. In these
cases, only the DWBA and compound nucleus contributions were combined to produce

a total cross section for such a state.

17



TABLE V

DWBA PARAMETERS USED TO CALCULATE DIRECT INELASTIC SCATTERING
FROM 54,56F¢ Levels

54Fe
Ex(MeV) g7 82
1.408 2+ 0.18
2.538 4t 0.05
2,950 6+ 0.02
2.959 2+ 0.098
3.166 2+ 0.052
3.295 4+ 0.033
3.834 4+ 0.052
4,048 4+ 0.024
4,265 4+ 0.045
4,579 2+ 0.026
56Fe

0.846 2+ 0.22
2,085 4+ 0.03
2.658 2+ 0.06
2.960 2+ 0.02
3.123 4+ 0.087
3.370 2+ 0.06
3.388 6+ 0.037
3.602 2+ 0.05
3.755 6+ 0.04
3.832 2+ 0.03
4,120 4+ 0.045
4,298 4+ 0.04
4,401 2+ 0.05
4,510 3- 0.1
4,612 2+ 0.055
4,740 2+ 0.05
4,880 2+ 0.05



II1. CALCULATED RESULTS AND DATA COMPARISONS

A, Nuclear Models and Codes

The cross sections presented here result from application of the basic
models discussed earlier——optical, direct reaction, preequilibrium, and Hauser-
Feshbach. To generate total cross sections, shape elastic angular distribu-
tions, and particle transmission coefficients, we used the spherical optical
code SCAT275 with the parameters of Tables I, II, and I1I. As mentioned in
Sec. II F, the DWBA code DWUCK’3 was used to calculate direct reaction cross
sections for inelastic scattering from collective levels in 54Fe and S6pe.,

For the Hauser-Feshbach portion of the calculations, we relied on the COMNUC/6
and GNASH// codes, both of which include angular momentum and parity conserva-
tion explicitly. The COMNUC code was generally used for neutron energies below
4~5 MeV, since it contains a complete treatment of width-fluctuation corrections
needed for accurate cross-section calculations at low energies where only a few
channels are open. At higher energies, the GNASH multistep Hauser-Feshbach code
was used since it includes preequilibrium corrections and can handle complex de-
cay chains involving up to eight compound nuclei. Figure 11 illustrates a decay
chain used for cross section calculations at higher incident neutron energies.
Such detail is required since it is necessary to follow the production and decay
of compound nuclei formed not only by successive neutron emission but also by
multiple proton emission.

A summary of the important reaction cross sections obtained from the calcu-
lations is given in Fig. 12, That it is important to follow the decay of pro-
ton emission products is c¢learly shown. For example, Fig. 12 illustrates that
processes involving complex chains such as (n,2np) (sum of n,p2n + n,npn +
n,2np) become important and actually begin to dominate when compared to reac-
tions involving only neutron emission. This occurs because these cross sections
are produced by sequences involving several paths and also because the c¢compound
systems produced at higher energies tend to become more proton rich. Gamma-ray
production cross sections and spectra were required at all incident neutron en-
ergies, which meant that the decay sequences also had to include gamma-ray deex-

citation of nuclei populated in all major reactions.

B. Inelastic Scattering and Neutron Emission

Comparison to data available for inelastic scattering to discrete final

states presents an opportunity to check several aspects of the calculations.
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Calculated and measured excitation functions for the 54Fe(n,n')
reaction to the 1.408-MeV level in J4Fe. Experimental data
are from Refs. 78 and 79.

For low energies the calculated cross sections depend on the suitability of the
neutron optical parameters used to provide transmission coefficients for the
Hauser—-Feshbach model, the width—fluctuation corrections and, where applicable,
the results of DWBA calculations. We compare in Figs. 13 and 14 calculated
excitation functions for inelastic scattering to discrete states of 54Fe meas-
ured’8:79 between 3 and 10 MeV. Similar results23:79-89 are shown in Figs.
15-18 for discrete states in 29Fe, The agreement indicates a proper choice of
neutron optical parameters both for use in the compound nucleus calculation and
also within the DWBA calculation of direct contributions. Further tests of the

calculated direct cross section appear in Fig. 19 where comparisons are made to
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Fig. l4.
Calculated and measured composite excitation functions for the
54Fe(n,n') reactions to the 2.538- and 2.561-MeV levels in
Shpe, Experimental data are from Refs. 78 and 79.

angular distributions34>90 measured for excitation of the 0.846-MeV, JTr = 2+
state in J6Fe by l4.1-MeV neutrons. Here compound nucleus contributions are
minimal with the neutron optical parameters as used in the DWBA calculation pro-
viding the major effect.

In this energy range there exist several measurements of the neutron emis-
sion spectrum, and these are compared to our calculated results in Figs. 20-22,
In Fig. 20, the angle—averaged results of Hermsdorf,91 Lukyanov,92 and Vo—
nach?3 and the 90-degree measurement of Clayeux94 are compared to the c¢al-
culated spectrum at 90 degrees. In Figs. 21 and 22, measurements at 4 angles

between 35 and 145 degrees by Kammerdiener?3 are compared to the calculations.
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These comparisons illustrate the importance of preequilibrium effects on the
spectrum and confirm the choice of the preequilibrium parameters used.

In Sec. II. E, we described a set of phenomenological expressions72 for
the angular distributions of particles populating a continuum of secondary ener-
gles. These expressions were derived generally from fits to higher energy
particle—-induced data and have not been tested at lower energies of interest to
many neutron applications. At l4.1 MeV, the secondary neutron angular distribu-—
tions measured by Hermsdorf91l provide data for such a test and are compared in

Fig. 23 for a series of secondary energy ranges. While some discrepancies
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Fig. 16.
Calculated and measured excitation functions for the 56Fe(n,n')

reaction to the 2.085-MeV level in 26Fe. Experimental data are
from Refs. 23, 79, 82, 83, and 85-88.

exist, the over all agreement is reasonable. Since these parameters were deter—~
mined principally from higher energy data, their applicability should increase

at the higher incident energies of this calculation.

C. (n,2n) Cross Sections

The comparison to (n,2n) data provides the opportunity to evaluate the be-
havior of the low energy neutron transmission coefficients as well as to test,
indirectly, effects from competing reactions involving mainly proton and gamma-
ray emission. Furthermore, the calculated cross section from threshold to sev-

eral MeV above threshold results principally from transitions to discrete final
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Calculated and measured excitation functions for the 56Fe(n,n')
reaction to the 2.658-MeV level in °0Fe. Experimental data are
from Refs. 23, 79, 82, 83, and 85-87.

states in the residual nucleus., Thus, neutron transmission coefficients can be
tested without complications from level—-density effects.

Two types of iron (n,2n) data exist——the first from scintillator tank mea-
surements on natural iron and the second from activation measurements of the
54Fe(n,2n) cross section. The tank measurements on natural iron provide data
mainly about the 56Fe(n,2n) reaction where, in the case of the S6fpe compound
nucleus, neutron and proton separation energies are essentially equivalent and
neutron emission dominates. In this case, calculations are sensitive to the
neutron transmission coefficients and, around threshold, to the amount of

gamma-ray competition included. As described in Sec. II C., we used the gamma-
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Calculated and measured composite excitation functions for the
56Fe(n,n') reactions to the 2.942- and 2.960-MeV levels in
Fe. Experimental data are from Refs. 87 and 89.

ray strength function method to provide the normalization for the gamma-ray
transmission coefficients occurring in the problem. In the case of the 56Fe
compound system, values of the s-wave resonance parameters <FY> and <D> are not
available experimentally and would have to be determined from systematics if
gamma-ray transmission coefficients were normalized to the_21r<I'Y / D> ratio,
which would lead to an increased probability for error. The use of gamma-ray
strength functions should alleviate such problems, and the (n,2n) cross section
around threshold provides data to test this assumption. Figure 24 compares the

calculated (n,2n) cross section for natural iron to measurements by Frehaut96
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Calculated and measured angular distributions for the 29Fe(n,n')
reaction to the 0.846-MeV level for l4.1-MeV incident neutrons.
Experimental data are from Refs. 34 and 90.

and Veeser?/. The threshold agreement confirms both the gamma-ray transmis-
sion coefficient normalization as well as the neutron transmission coefficient
behavior. Some disagreement occurs with the Veeser data at higher energies, but
this is generally less than 8%.

A quite different situation exists for the 54Fe(n,Zn) reaction. In the
S4pe compound system, the binding energy of the proton is about 4.5 MeV less
than that of the neutron so that the probability of neutron emission is de-
creased and the effect of the competing (n,np) reaction becomes more important.
Figure 25 compares our calculation to several measurements98-109 of this cross
section. The fact that reasonable agreement is obtained for this cross section,
which represents less than 10%Z of the total reaction c¢ross section, indicates
the suitability of the parameters used to describe the competing reactions that

dominate.
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Comparison of calculated iron (n,2n) cross sections
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D. (n,p) Reactions and Proton Emission

Several data types exist involving proton emission from iron isotopes that
provide opportunities to test proton transmission coefficients calculated with
the parameters of Table II. Figures 26 and 27 compare calculated (n,p) cross
sections for 94Fe and 7%Fe to datal02,106,107,110-137 peagured for these
reactions. The 54Fe(n,p) theoretical curve of Fig. 26 was obtained after a 47
reduction was made in the Fermi-gas level-density parameter, a, over that norm—

ally obtained from the Cook systematics.69 However, this reduction made
little difference in the calculation below 10 MeV as more than 90% of the cross

section was obtained from transitions to discrete levels in 2%Mn or to the re-
gion of the continuum described by the constant temperature level~density ex-

pression. Both sets of calculations for the 54Fe and 56Fe(n,p) reactions
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Fig. 25.
Calculated and measured 54Fe(n,2n) cross sections.
The experimental results are from Refs. 98-109.

agree reasonably well with the data, although perhaps better agreement ¢could be
obtained if some adjustment was made in the proton optical parameters to reduce
slightly the amount of lower—energy proton emission. This ad justment was not
attempted because of the possible effects on the higher-energy behavior of the
proton transmission coefficients, which were checked by calculations of higher
energy proton reaction data (see Sec. III B). .

Recently new data for the total proton-production cross section induced by
15~MeV neutrons have been obtained by measurements of the spectrum and angular
distribution of the emitted prot:ons.138 At 15 MeV this total measured spec-
trum is a sum of contributions of (n,p), (n,pn), and (n,np) reactions, thus pro-

viding a further test of the behavior of proton transmission coefficients.

33



FE-54(N,P) CROSS SECTION

i 1 T Ly k] 1 ToTT T T

Ll 11l
1 T P v
Ll i 11

]

(B)

10™

CROSS SECTION

BARRALL, 1968
SINGH, 1972
STOREY, 1960
ALLAN, 1961
PAULSEN, 1979
LAUBER, 1965
SMITH, 1973

+ D> X00Od4dx

e

|
T 1T T 177
Lol _t {1

1

(B)

107"

BARRALL, 1969
CROSS, 1963
RAO, 1967
ALLAN, 1857
CROSS, 1962
CARROLL, 1964
CARROLL, 1965
VAN LOEF, 1961
SALISBURY, 1865

* CROSS SECTION

+bBX0O0CO9XD

107

! I U U S N N |
1 =t T T 11

10° 10
NEUTRON ENERGY (MEV)

-4

Fig. 26.
Calculated and measured °%Fe(n,p) cross sections. The
experimental data are from Refs. 102, 106, 107, 110-122,




FE-56(N,P) CROSS SECTION

=T T T T T -7 T

+4 +‘ "

1

107

(B)

LA 1 L1 Ll

JOENSSON, 1969
CHITTENDEN, 1961
BARRALL, 1968
VONACH, 1968
SINGH, 1972
CROSS, 1963
GABBARD, 1862
POLLEHN, 1961
FORBES, 1952
ALLAN, 1957
CROSS, 1962
LISKIEN, 1965
LISKIEN, 1966
SMITH, 1973

i l

CROSS_SECTION

+O0RBBX0O0QXDOBOOBB

By
1

10™
"
.

(B)

KERN, 1959
DEPRAZ, 1960
BORMANN, 1965
BONAZZOLA, 1964
BARRALL, 1969
PAUL, 1933
DYER, 1972
YASUM], 1957
STOREY, 1960
ALLAN, 1561

MC CLURE, 1955
SANTRY, 1964
GRUNDL, 1967

CROSS _SECTION

+DPX00dXOBDOBE

’ L | ] -l l l | -
L Ll |l 4 T ¥ L

1
4*10° 10'
NEUTRON ENERGY (MEV)

Fi L ] 27 [ ]
Calculated and measured =) Fe(n,p) cross sections. The
experimental results are from Refs. 99, 100, 102, 105, 107,
110-114, 117, 122-137.



= | | | r | T T
- n+ 54Fe —-p+X .
n En =15MeV 4
._|
107~ =
. .
= o
~ hn
£ 1072 -
w [ A
o
\ - —
b
O o -
1073 -
10-4 1 | i i | ] 1
o 2 4 6 8 10 12 14
Ep (MeV)
Fig. 28.

Calculated and measured!38 proton emission spectra from
15-MeV neutron interactions with %Fe.

Effects resulting from the relative preequilibrium correction applied to the
emission of protons can also be tested, since for the (n,p) and (n,pn) reactions
at higher energies a large portion of these cross sections originates from the
preequilibrium mechanism,

Figures 28 and 29 show the calculated proton emission spectra produced by
15-MeV neutron interactions with 34Fe and J6Fe along with the measurements
of Grimes et al.l38 The low energy portion of the 56Fe emission spectrum
is in good agreement with the data and arises from the emission of low—energy
protons from the (n,np) reaction. The agreement at the higher energy portion of
the spectrum illustrates the validity of the preequilibrium corrections. For
54Fe there is an even larger contribution from the (n,np) process; however,
the large size of the (n,p) contribution to the emission spectrum prevents the

occurrence of an explicit dip in either the measured or calculated spectrum.
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Calculated and measuredl proton emission spectra from
15-MeV neutron interactions with 6Fe.

E. {(n,a) Reactions and Alpha-Particle Emission

Alpha-production data for iron isotopes include measurements of the
54Fe(n,a) cross sections below 19 MeV, which are supplemented by recent meas-—
urements of secondary alpha-particle spectra induced by 15-MeV neutrons on
54Fe and 36Fe. Theoretical calculations for comparison to such data present
some difficulties in that there exists much less information concerning
alpha—-particle optical parameters needed to produce transmission coefficients
applicable at lower energies. Furthermore, the mechanism for (n,a) reactions at
higher energies seems not to be well described by either the statistical or pre-
equilibrium models unless, for the latter case, assumptions are made concerning
alpha-preformation constants or phenomenological descriptions of other reaction
mechanisms are included. For these calculations we used, in addition to the
Hauser-Feshbach and preequilibrium models, empirical expressions developed by

Kalbach/Q to describe pickup and knockout contributions to the (n,a) cross
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Calculated and measured 54Fe(n,a) cross sections from 3-40
MeV. Experimental results are from Refs, 100, 102, 105, 106,
112, 115, 118, 122, and 139.

section. These expressions were generally developed from higher—energy reaction
data, and the present calculations provide a further opportunity to examine
their applicability by comparison to neutron experimental data at lower incident
energies.

Figure 30 compares the calculated 54Fe(n,a) cross section to data avail-
able between 1 and 19 Mev,100,102,105,106,112,115,118,122,139 e sparsity of
the data makes definite conclusions difficult concerning the models or parame-
ters used in the calculations. The calculated results are lower than some of
the data at 14-15 MeV but the total alpha-production cross section (75 mb) is in
good agreement with the value of 79 + 13 mb determined by integration of the
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spectrum measured by Grimes et al.138 our results are compared to Grimes'
measured alpha—-emmission spectra from 15-MeV neutron bombardment of 54Fe and
56Fe in Figs. 31 and 32. 1In both cases the higher energy parts of the calcu-
lated spectra agree reasonably with the data, indicating the applicability of
the pickup and knockout corrections applied. The disagreement at the lower en-
ergy portion of each spectrum {[(n,na) contributions)] probably indicates the
alpha~particle optical parameters are not completely suited to produce low-—
energy transmission coefficients.

Since total charged-particle production cross sections are of interest to
radiation damage calculations, theoretical curves for proton and alpha-particle
production up to 40 MeV for S4Fe and 96Fe are shown in Fig. 33 along with
available experimental data (see Refs. for Figs. 26-32). The arrows in Fig. 33

indicate thresholds for (n,pxn) and (n,oaxn) reactions.

F. Gamma—-Ray Production

Gamma-ray production spectra have been measured on natural iron for neutron
energies between 1 and 20 MeV using both continuous and discrete energy neutron
sources, Comparisons to such measurements allow us to test the general consis-
tency of theoretical calculations since the data provide information pertaining
to all reactions having significant c¢ross sections at a given neutron energy.
These data are further supplemented by cross—-section information for the produc-
tion of discrete gamma-ray lines. These data often represent some of the main
information available at higher energies through which nuclear model calcula-
tions can be verified.

Figures 34 through 40 compare calculated spectra to measurements of Chapman
et al.l40 petween 3.5 and 9.5 MeV. Good agreement exists except for portions
of some calculated spectra that contain small contributions of discrete lines
not seen in the data and parts of the continuum calculation between 5 and 8
MeV. The former problem results most likely from incorrect assignments in the
gamma-ray branching information used in the calculation. The main discrete
gamma-ray lines appearing in these spectra result from the 0.846— and 1.238-MeV
gamma-rays produced from inelastic scattering on 56Fe., Measured excitation
functionsl41-153 for these 2 lines are compared to our theoretical results in
Figs. 41 and 42, rThis comparison confirms not only the theoretical calcula-
tion of gamma-ray cascades populating low-lying levels in 56Fe but also their

population from-compound nucleus and direct-reaction processes.
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EN = 4.00-4.50 MEV THETA = 125 DEG
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Figo 350
Calculated and measuredl40 gamma-ray emission spectra from iron
at 125 degrees for incident neutrons between 4,00 and 4.50 MeV.
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EN = 5.00-5.51 MEV THETA = 125 DEG
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Fig. 36.
Calculated and measuredl40 gamma-ray emission spectra from iron
at 125 degrees for incident neutrons between 5.00 and 5.51 MeV.



EN = 6.00-6.51 MEV THETA = 123 DEG
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Fig. 370
Calculated and measuredl40 gamma-ray emission spectra from iron
at 125 degrees for incident neutrons between 6.00 and 6.51 MeV.
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EN = 7.01-751 MEV THETA = 125 DEG
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Fig. 38.
Calculated and measuredl40 gamma-ray emission spectra from iron
at 125 degrees for incident neutrons between 7.0l and 7.51 MeV.




