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Abstract: Measuring cross sections for gamma-ray production from tertiary reactions is one of the ways to
gain experimental information about these reactions. To this end, inelastic and othér Tidtighsticneutron
interactions with *Fe have been studied for incident neutron energies between 0.8 and 41 MeV. An iron
sample isotopically enriclhed in the mass 56 isotope was used. Gainma rays representing 70 transitions
among levels in residual nuclei were identified, and production cross sections were deduced. The reactions
studied were *°Fe(r, n')*Fe, *Fe(n, p)**Mn, *¢Fe(n, 2n)**Fe, °Fe(n, d +n, np)**Mn, 6Fe(n, t +n,nd +
n,2np)**Mn, 3Fe(n, a)*3Cr, *0Fe(n, na)**Cr, and 3Fe(n,3n)%* Fe. Experimental excitation functions
have been compared with cross sections calculated using the nuclear reaction model code TNG, with

generally favorable results.

(Nuclear Reactions *°Fe(n, zv) E = 0.8 — 41 MeV; measured o(E, , 8, = 125 deg); *2:°3Cr, 54:55:56Mn,

54,55,56Fe y-ray production. Enriched sample.)

Introduction

The U.S. National Research Council, in 1986, report-.

ing [1] on desirable trends in physics research stated,
“Bxperimental nuclear research is advancing toward the
study of nuclei in states of higher excitation energy. ...’
For research utilizing neutron beams, this trend has been
manifest in greater interest in measurements for incident
neutrons ahove 20 MeV, a trend already established by
1985 and discussed in reports by Rapaport {2] and by
Lisowski et al. (3] at the Santa Fe Conference. We,
at the Oak Ridge Electron Linear Accelerator (ORELA)
had succeeded in extending the useful incident-neutron
cnergy range of our in-beam, high-resolution gamma-ray
spectrometric system [4] to obtain useful and interesting
measurements for E, to 40 MeV, and presented [5} some
preliminary results at the same conference. Using this ex-
perimental system we reported [6] at the Mito conference
on a systematic study of '"'!'B(n,zv) reactions for E,
up to 25 MeV which featured first measurements on the
tertiary reaction !'B(n,nav)"Li. The concept of using
this system for study of previously unmecasured tertiary
reactions was thus established.

The TNG statistical model code [7] has capabilities
of computing all energetically available tertiary-reaction
cross sections. Successful comparisons of calculated cross
sections with experimental cross sections for E, above
20 MeV should be a stringent test for applicability of the
fundamental statistical-model concepts.

Experiment

The emphasis for this experiment was on the obser-
vation and measurement of tertiary reactions since there
are in the literature a number of reports [8-16] on inelastic
scattering gamma-ray production. The present data were
also reduced for inelastic scattering gamma-ray produc-
tion for incident neutron energies up to 20 MeV, primarily

to serve as a measure of the reliability of the present mea-

surements. Inelastic-scattering data for incident neutron
energies hetween 22 and 41 MeV, however, are new, and
they can be utilized to estimate total inelastic-scattering
cross sections for neutron interactions with 3%Fe for these
more energetic incident neutrons [5).

Measurements were made for incident neutron ener-
gies between 0.8 and 41 McV. A 63-g iron sample isotopi-
cally cnriched in the mass 56 isotope was used. Gamma
rays representing 70 transitions among levels in residual
nuclei were identified, and production cross sections were

deduced for the reactions given in the abstract. Values
obtained for production cross sections as functions of in-
cident neutron energy are given in an Qak Ridge National
Laboratory Report [17] which also documents additional
experimental details.

Calenlations

The TNG code [7] is based on a unified Hauser-
Feshbach [18] (H-F) and Pre-Compound {P-C) model

[19]. The H-F part is multi-step, but angular distribu-

tions can be calculated only for the binary step. The
P-C part is single step and angular distributions are cal-
culated on the basis of partial wave interference (partial
relaxation of the random phase approximation in the H-

. F formalism). Pairing corrections and spin cutoff factors

as functions of excitation energy and excitation number,
based on the BCS model, for the exciton level densities in
the P-C component are included [20]. Gamma-ray pro-

" duction cross sections for each discrete gamma ray can

be calculated. Other quantities calculated include to-
tal, elastic, nonelastic, (n,v), {n,n'), (n,p), (n,a), (n, f),
(n,2n), (n,np), {(n,na), (n,nf), ..., (n,4n), ..., associ-
ated secondary-particle and gamma-ray production spec-
tra, the angular distributions of the first outgoing parti-

- cles, and the production cross sections of isomeric states.

Besides the level density parameters which affect the
individual reaction cross sections, the most important pa-
rameters in the TNG calculation for 3®Fe are the optical-
model parameters which determine directly the nonelas-
tic cross section for E, above 8 MeV. The parameters
given by Arthur and Young [21], with some adjustment in
the imaginary part [22], gave the best overall results. All
other parameters were either taken from standard sources
(level energies, QQ-values, etc.) or were taken from an ear-
lier global analyses [7].

Results and Comparisons

Excitation functions, both experimental and calcu-
lated, are presented for twelve discrete-line gamma-ray
transitions in Figs. 1 and 2. In Fig. 1 are exhibited data
for neutron-only emission reactions, while in Fig. 2 are
shown data for reactions involving chiarged particles. The
inelastic scattering data shown in Fig. 1 agree reason-
ably well with most of the earlier data; for the (n,2ny)
data the agreement among the several data sets is some-
what poorer; for the (n,3n7) data the agreement can
be improved. The agreement of the present data with

BISTRIBUTION OF THIS DOCUMENT IS UNLIMITED *

CONF-910503--10




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, maaufac-
turer, or otiierwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of zuthors expressed hercin do not necessarily state or
reflect those of the United States Government or any agency thereof.



ORNL UWG 911 710y

z 1 5 Tiley ~ T 17T aoof 5 T
o . oo
2 400} a8 ~ B e
S 1000 — 300~ ~]
o5 L ] 100{— —
8& 800 2001— | - =
&z — #Fein.ny) - -
az 600 f » .
>0 ] E = 1238keV
z = 500 f U 50} E
b Experimental Resulls 100~ Experimental Aesulls — [ |
<1 400 ? USNRDL (1966) } ] 80— t USNRDL (1966) — “Fein.2m) **Fo
=0 300 b + LANL (1970) ] 60— # ORNL (1972, 1973) | = E - 1316keV .
23 + ORNL {1972, 1973) 50— I CEA(1974) - Elperimental Resulls .i,
Poxe] + CEA (1974) 40 4 IRT (1975} - 201 -+ IRT (1975) -
of 200 -+ IRT (1975) - 20 } STUDSVIK (1978) _ § STUDSVIK (1978)
a + STUDSVIK (1978} + IAE (1082} # (A€ (1982)
o * IAE {1982) 20 4 PRESENT -4 10 4 PRESENT -
(o] + PRESENT *' i = Present Calculational Resulls = — Prosont Calculationat Results
@2 100~ ~ Prosent Calculational Results 19\ ’ Threshoid o Thteshold 7
8 { tE Lt 1 1 10 L ittt i1 i 1 1 1
8.81 2 3 456 810 20 304050 2 3 4 5678810 20 30 4050 §2 20 30 40
100,
] T T 100 1 I — '3 I I I I3
3 W -
& a0r 1 F =4 3k e 3
g sof- 1 S0p e =
o5 B 4
SE 100 . -
a g - ] 201 20+
z o » Fe(n.2ny) Fo 4
&‘8 501 E =931 keV - 10}— ~ 10— 3
=0 | Experimental Resulis +_ _ - I = =
0 4+ USNRDL (1966) - s = ] - “Fe(n.30) *Fe -
?.,8 L 4 IAT (1975) + . sk i - 5I- E - 11299 koV N
0 5 : izuosvn( (1978) 4rPlosent Experimental Results | L. 4-Prasent Experimental Rescts |
% 20 E {1982) - — Prosent Calculational Resulls --Present Calculational Rosults
2 “-PRESENT 2 . ol —
O — Prasent Calculational Results Threshold | Threshold
2 Thoshold | | | 1 [ ! I 1
10 L Lt 1 .
12 20 30 40 25 30 35 40 25 30 35 40
INCIDENT NEUTRON ENERGY (MeV) INCIDENT NEUTRON ENERGY (MeV) INCIDENT NEUTRON ENERGY (MeV)
Fig. 1. Six experimental excitation functions compared with calculations. Prior data are: USNRDL (ref. 8), LANL

(ref. 9); ORNL (ref. 10,11); CEA (ref. 12); IRT (ref. 13); Studsvik (ref. 14); and IAE (ref. 15).

calculation is quite good for E, < 20 MeV, except for
the resonance region [13,16} around E, ~ 2 MeV, for
E. = 847 keV. This ;ood agreement may have been an-
ticipated, however, since the parameters used in the TNG
calculations were optimized to give a good accounting of
data existing in 1986 [22] and were used in developing the
ENDF/B-VI evaluation for iron [23].

The calculations shown for 20 MeV < E, < 40 MeV
are the first to be done with this set of parameters de-
veloped for E,, < 20 MeV and represent an “extrapola-
tion” of the theoretical estimates from the lower-energy
calculations. Although the comparisons show somewhat
larger variations for E, > 20 MeV than for E, < 20
" McV, this set of parameters is qualitatively correct in
predicting large cross sections for reactions having large
experimental values and predicting sinall cross sections
for weakly-observed transitions. The model also does well
in reproducing level-spin dependent differences observed
in the measurements.

Future Work

Direct experimental knowledge of tertiary reaction
cross sections is difficult to obtain, particularly if the
residual nucleus is stable. Nuclear model calculations are
used to obtain estimates of these ilmportant cross sections
which are often the dominant generator of charged par-
ticles in the 15-MeV energy region. Ganuna-ray produc-
tion data provides a very useful window to these cross sec-
tions and can serve as benchmarks against which to test
and iinprove nuclear models. The next task is to deter-
mine if iimprovements in calculated excitation functions
for E, above 20 MeV can be obtained through adjust-
inents of parametric values. We plan, also, to study sim-
ilar reactions for other sample nuclei; preliminary results
[24] for *®Co(n, z7), for example, exhibit large yields for

the (n,np) and (n, 2np) reaction channels for E, above
MeV.
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