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ABSTRACT

Cross sections for production of gamma rays due to neutron inter-
actions with iron have been measured as a function of both neutron and
gamma-ray energy. Two experimental configurations were used to obtain
the data, and these were (a) a Nal-spectrometer system using the Oak
Ridge Linear Accelerator as the neutroh source, and (b) a Ge(Li)-
spectrometer system using a pulsed Van de Graaff and the D(d,n) reaction
as the neutron source. The Nal-spectrometer system is described completely
in this report. It was used to acquire data for 0.8 f_En < 20 MeV and
GY = 125 deg, which were unfolded to obtain dzo/dwdE values for gamma-
ray energies between 0.7 and 10 MeV. The Ge(Li) system was used to
obtain high-resolution information on the production of discrete-line
do/dw values for 4.85 f_En < 9.0 MeV and GY = 55, 75 and 90 deg. Our
data are compared with previously reported experimental data and with
the current ENDF/B evaluation. Although there is generally reasonable

(20%) agreement, important differences among these data are discussed.
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I. INTRODUCTION

There are many applications, for example to compute the efficacy of
neutron shields, for which neutron-induced gamma-ray prodﬁction cross
sections are required. As a result, many requests for such cross sections
have been tabulated.l This paper reports measurements for the production
cross sections for gamma radiation resulting from neutron interactions
with Fe for incident neutron energies between 0.86 MeV (threshold for
inelastic scattering from 56Fe) and 20 MeV. For this range of neutron
energies, many groups have reported gamma-ray production cross sections.
The more recentvreports include Benjamin EE_EL.,Z Texas Nuclear (TNC)
for En between 0.95 and 4.0; Drake gg.gl,,B Los Alamos Scientific Labora-
tory (LASL) from En between 4.0 and 7.67 MeV; Broder gE_gl,,4 Obninsk
for En between 0.93 and 7.37 MeV; Haouat gg_gl,,s Commissariat a 1'Energie
Atomique (CEA) for En between 2.5 and 8.8 MeV; and Orphan gE_gl,,6 Gulf
Radiation Technology (GRT) for En between 0.86 and 16.74 MeV. However,
these reports do not always agree well among themselves nor with earlier
Work,7 and in several cases the uncertainties assigned to absolute
cross sections are rather large (20% or more). One result of the experi-
mental disagreements and uncertainties has been the difficulty in creating
a satisfactory gamma-ray file for the ENDF evaluation for Fe, especially
for En > 4 MeV, The present study was undertaken to obtain a complete
and consistent data set with smaller uncertainties which would lead to
a better understanding of the distribution of absorbed neutron flux by
Fe. |

The most recent experiments4—6 employed Ge(Li) detectors and revealed

(especially in the CEA reportS) a wealth of information about discrete

gamma rays. Correlating the gamma rays observed with particular transitions



between levels of 56Fe, excited by inelastic scattering, has proved
difficult especially for levels above an excitation energy of 4 MeV.

The best experimental information concerning deexcitation of highly
excited states in 56Fe has come from the study of 56Co beta decay.s’9

We have obtained a number of spectra using a good-resolution Ge(Li)
detector system with emphasis on obtaining branching-ratio information

as well as production cross sections as a function of E and BY for
individual gamma-ray transitions in 56Fe. ‘Spectra which were obtained
for En > 9 MeV proved unsatisfactory for both objectives. We did not
observe new high-energy transitions in these spectra, suggesting that
either highly excited states decay by cascade transitions to intermediate
energy levels or there are many very weak transitions and our energy
resolution was inadequate to resolve them. Even with the presently
available good-resolution Ge(Li) spectrometer, such radiation will appear
as a "continuum".lO This observation verifies that of GRT;6 for En >

7.7 MeV these authors report < 457 of the total gamma-ray production
cross section in discrete lines with the remainder reported as a
"continuum'.

For many applications, the detailed information on deexcitation of
many individual states is not required, and may not even be desired, in
view of the data handling problems. 1In order to satisfy the needs for
complete and consistent gamma-ray information in applications such as
shielding, we have set up a facility to measure neutron gamma-ray produc-—
tion data at the Oak Ridge Electron Linear Accelerator (ORELA) Shield
Test Station. A Nal-detector spectrometer system is used with ORELA as

the neutron source. The system was first used to study gamma-ray



production cross sections for samples of tantalum and carbon.11 We
have used this system to obtain similar data for iron samples for neutron
energies between 0.86 and 20 MeV.

The scope of this report is as follows. In Section IT the experimen-
tal system is presented, with particular emphasis on the Nal spectrometer,

In addition we present some of the Ge(Li) data for samples of both natFe

and 54Fe (isotopic abundance 5.8%). We also demonstrate the capabilities

of our system for measuring high neutron-energy resolution cross sections
. . .. 56 .

for the first excited state in ~ Fe. Section III is devoted to comparing

2-6,12

the present data with some of the recently published work and with

the gamma-ray file of the most recent evaluation13 (ENDF/B Mat 4180).

. . 14,1
However, unlike our previous reports 4,15

of gamma-ray production cross
- sections for other elements, we do not present a detailed analysis of
the data. The quantity and diversity of the data for n + Fe requires

considerable study to arrive at a consistent overall set of cross

sections ~ a task beyond this report.

II. EXPERIMENTAL METHODS AND DATA REDUCTION

A. Nal Experiment

A general schematic of the experimental layout is shown in Figure 1.
The ORELA was used to provide the electron beam. Neutrons were produced
by photonuclear processes due to bremstrahlung from electron impact on
a tantalum target.16 For this experiment the electron energy was about
130 MeV with a repetition rate of 800 pulses per second. For most of
the data reported here, except where specifically indicated, a pulse

width of 10 nsec with a total electron beam power of 12 kW was used,
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Neutrons produced at the linac target traversed a 47-m flight path
and were incident on the iron sample. About 40 m of the flight path
was under vacuum in order to increase the neutron intensity at 47 m
and to reduce the structure in the neutron flux due to scattering
resonances in air. The neutron beam was stopped in a concrete catcher
located about 5 m behind the sample. Gamma rays produced in the sample
were observed by a 12.7 x 12,7 cm Nal crystal located inside a substan-
tial shield made of lead and "lithiated paraffin". (The "lithiated paraffin"
bricks were made by incorporating lithium carbonate into the paraffin when
the bricks were cast.) The Nal detector was shielded against neutrons
scattered from the sample by a 25-cm-thick, 1-m-diam slab of lithium
hydride placed in front of the collimator.

The iron sample consisted of a 30 x 30 x 0.64 cm slab. The density
of the iron was 7.87 g/cm3. The sample was analyzed for impurities which
were found to be present in amounts smaller than 0.03% except Mn (0.77%),
C (0.21%), Mo (0.07%) and Ni (0.07%).

A filter consisting of 1.9 cm of lOB was located in the neutron beam
5 m from the linac target. This filter removed "all" neutrons of less
than 1 keV energy, preventing overlap between neutrons of adjacent accelera-
tor pulses. Also located at 5 m was a 2.5-cm—-thick filter of depleted
uranium to reduce the intensity of the gamma flash at 47 m. The diameter
of the neutron beam at the sample position was limited to 15 cm by a
7.6-cm~diameter collimator located 28 m from the linac target (see Figure 1).
Careful measurements were made of the profile of the neutron beam at the
sample position, 47 m, using a 6 x 6 mm plastic scintillator; one such

profile in the horizontal plane is shown in the inset of Figure 2. From
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the profile measurements we can determine the effective neutron beam
area at the sample, a quantity required to relate counting rates to cross
sections. In view of the simple collimator geometry employed, we can
also use the profile measurements to calculate an "effective neutron
source area' at the linac target. The profile measurements indicate that
the neutron source, at the linac target, has linear dimensions of approxi-
mately 2.5 cm. From this dimension, of the order of the size of the tanta-
1um target,16 we deduce that most of the neutrons reaching the sample,
in the MeV region, emanate from the tantalum target rather than from its
water cooling jacket. We are therefore confident that the neutron energy
spectrum shape measured along the axis of the neutron beam applies reason-
ably well to the complete beam area. A direct check on this was made by
comparing the flux shapes obtained by‘time of flight with a 5 x 5 cm
NE-213 detector placed (a) along the beam axis and (b) 5 cm off the beam
axis. The two measurements gave neutron energy spectral shapes which
agree to better than +37 over the complete energy range from 1 to 20 MéV.
A second determination of the effective neutron beam area was made by
comparing the neutron induced gamma-ray counting rate from the sample
used in the experiment, which covered the whole neutron beam, to that
obtained from a small (4 x 4 cm) iron slab of identical thickness and
composition located at the center of.the beam. Measurements using the
two approaches were in agreement to within 57.

The neutron flux was measured along the neutron beam axis at the sample
position by time-of-flight using a 5 X 5 cm NE-213 gcintillator counter,
The integral neutron efficiency of the detector as a function of energy

. . 1 .
was obtained from Verbinski et al. 7 who used a detector with the same



diameter. The result of this measurement, normalized to 21 kW of
electron beam power, is shown in Figure 2. For the flux measurement

the same filters were in the flight path, and ORELA was operated at the
same electron energy (130 MeV)’but with the short pulses (=5 nsec) and
very low beam power (< 1 kW). A neutron monitor counter18 located in
the linac target vault was used to normalize the flux to the accelerator
conditions used in the gamma-ray measurements. A second neutron flux
monitor was used in the experiment, a 6 x 6 mm plastic scintillator
located in the edge of the neutron beam after the collimator at the 28 m
station of the flight path. During all runs a time-of-flight spectrum
was recorded from this plastic scintillator. Numerous checks have been
made of the consistency of these two independent monitors as a function
of electron energy, beam power and pulse width. From these measurements
we have concluded that both the rélative shape of the neutron energy
spectrum from 1 to 20 MeV and the absolute normalization of this spectrum
are determined to within 107 for the conditions prevailing during the
gamma-ray production measurements., These flux measurements, together
with the neutron beam area determinations described earlier, were used
to determine the number of neutrons per unit energy incident on the
sample.

A diagram of the electronics used for the gamma-ray measurement is
shown in Figure 3. The anode of a phototube on the Nal crystal provided
a fast signal which passed through a timing-filter amplifier and a
constant-fraction discriminator. This output served as the stop signal
for a time-to-amplitude converter which was started by a fiducial signal

based on the linac gamma flash. The fiducial signal is obtained from a
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bare phototube which views the linac target directly. The time resolution
of the crystal and electronics system was < 5 nsec. Coincidence gating
was used to exclude the gamma flash scattered by the sample. Because

of the uranium filter, the gamma flash seen by the spectrometer was quite
small (only 20% of the linac pﬁlses produced gamma-flash events in the

Nal greater than 500 keV). A clipping time of 100 nsec in the main ampli-
fier, used in conjunction with a linear gate and stretcher, insured that
the gamma flash signal did not interfére with signals due to neutron-
induced gamma rays from the sample for all En < 20 MeV. The time-of-
flight (TOF) and pulse-height (PH) signals were digitized and presented

to a PDP-9 computer which correlated the events and sent the TOF-PH pairs
to the ORELA;SEL—BlOB computer for storage on magnetic discs in a 512 x
512 channel array (see Ref. 19 for aldescripﬁion ;f this data acquisition
system). In addition, a 2048_channel‘spectrum of time-of-flight for all
pulse heights greater than the fast discriminator level was stored on
disc. A 512-channel spectrum of pulse height for all time—of—flight
within the coincidence period was also stored. The data accumulated

on disc were written on magnetic tape to be reduced later on an IBM 360
system.

The response of the spectrometer must be known to unfold the pulse-
height distributions to obtain gamma-ray energy spectra. For the spec-
trometer used in the preseht work, response functipnskwere measured over
the gamma-ray energy range from 0.66 to 6.13 MeV using a series of cali-
brated sources located at the sample position. The measured responses
thus included all thé characteristics of the spectrometer. - That is -

in addition to the intrinsic response of the crystal itself - the effective
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solid angle, the gamma-ray attenuation and inscattering in the LiH

shield, and the effects of scattering in the lead collimator and shield
were all included in the response function measurements. Measurements
were taken for sources in the front and the back of the iron sample; the
effect of scattering of the gamma rays by the sample could not be detected
in the response function shape. Sources used in these measurements

included 137CS, 54Mn, 22Na, H(n,Y), 24Na, 261 440

Am-Be and 2 m—13C (for
EY = 6,13 MeV (Ref. 20)). For EY > 6.13 MeV responses measured at the
ORNL Tower Shielding Facility21 using a crystal of identical size were
employed after taking into account the solid angle and LiH transmission
as calculated from the dimensions of the spectrometer. Using all of
these response functions, a response matrix was generated by an interpola—v
tion procedure. The method of interpolation was similar to the one
employed for generating the response matrix for the ORNL Tower Shielding
spectrometer.21 The response matrix was square using 125 bins to cover
the gamma-ray energy and pulse-height ranges from 0.69 to 10.6 MeV. The
bin widths were chosen so as to give about 2 to 3 bins per resolution
width of the detector. Because of the short clipping time and the LiH
shield, the energy resolution of our Nal detector was not optimal and
varied from about 10% at 1 MeV to 5% at 6 MeV.

To test the response functions thus obtained, as well as the computer
routines used in the unfolding, a spectrum of a known 226Ra gource was
obtained. This source has 48 (or more) discrete gamma rays for EY

2,23 The

between 0.7 and 3.0 MeV having well-measured intensities.
relative intensities of the strongest lines have been determined to within

a few percent accuracy. The unfolding code used was FERD (see Refs. 24-26
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for a description of this code and its application to unfolding of Nal
épectra). The window functions used for each bin was a gaussian whose
width was set equal to the resolution of the Nal detector for the energy
corresponding to the bin. The unfolded spectrum consists of a 66% con-
fidence interval at 125 energies covering the gamma-ray energy range 0.69
to 10.6 MeV. Units are the number of gamma rays per unit energy per
unit solid angle emitted in the direction of the detector. The 226Ra
unfolded pulse-~height spectrum is compared in Figure 4 with values of
relative intensity obtained by "smearing' the discrete-line intensities
with gaussian functions corresponding to the window functions used‘in
the unfolding. The visual comparison is quite good, as the largest
errors are for the smallest relative intensities. The only large vari-
ances occur for EY between 0.95 ana 1.0 MeV, and it is by no means certain
that the error lies solely in the Nal measurement and analysis. It is
apparent, though, that after grouping the gamma-ray data into 0.24-MeV
energy intervals (as will be discussed below when comparing our data with
prior work) the uncertainties due to measured response functions and
unfolding methods will be small, at least for smaller gamma-ray energies.
Results similar to those shown in Figure 4 were obtained for sources of
5%0aﬁfﬁ@ﬂ

Because of the lead shield around the Nal detector, the background
due to natural radioactivity was very small and contributed little to
the counting rate during the period of observation which lasted only a
few microseconds after each accelerator pulse.

Data were accumulated in 12-hour runs with the iron sample alternating

with "background" measurements. As will be discussed below, "background"
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measurements are obtained by placing a 5.1-cm lead shadow bar between
the sample and the Nal crystal just outside the LiH shield in front of
the collimator, as shown in Figure 1. Similar runs were made for a
carbon sample and a beryllium sample. The Be sample was used. because,
for 4 f_En < 11 Mev, there are no gamma rays reported known due to
n+Be reactions.3’15’27’28
As usual in such experiments the background contributions to the
pulse~height spectra cannot be measured directly and must be estimated
on the basis of various assumptions for which only plausible a priori
aréuments can be given. Extensive investigations were made to develop
a method of estimating the background counts in this experiment. With-
out any sample in the néutron beam, the counting rate in the detector
was very small, about 1% of the sample-in counting rate. These counts
were most likely due to air scattering of neutrons into the detector
shield. Some of these scattered neutrons, and/or gamma rays produced
by them, reached the detector despite the heavy shielding. “When the
sample is placed in the neutron beam, the background contribution must
increase due to the additional neutron scattering in the room, and in
particulaf, into the shield and detector. The pulse-height distribution
as well as the time distribution of the background counts must aepend
on the angular and energy distribution of the neutrons emitted by the
sample as a function of time. The presence of gamma rays from the
sample prevents the measurement of this background. However, a lead
shadow bar placed between the sample and the detector will strongly

affect the detection of gamma rays from the sample but not nearly so
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strongly the background due to neutrons incident on the shield. The

size of the lead shadow bar was dictated by the requirement that it

needed to shield the Nal detector from gamma radiation emanating only

from the sample. As can be seen from Figure 1, this size shadow bar

covers only a small fraction of the total front face of the shield.

The thickness of the shadow bar must be a compromise between the need

to attenuate substantially the gamma rays from the sample without

seriously perturbing the incident neutron field, especially since the
shadow bar will also shield the detector and its immediate environment
from sample-scattered neutrons. FWe used a 5.1-cm thickness, a conveniently
available size. For this thicknéss there is at most a 9% transmission

of gamma radiation from the sample (for 3 E_EY < 4 MeV) based on the lead
photon absorption cross sections. However, for this thickness of lead,

one may calculate, on the basis of the neutron total cross section, that
only about half of the neutrons hitting the shadow bar will strike the

LiH shield uncollided. However, about half of the total cross éection

is due to elastic scattering which is dominated by small-angle scattering.
The changes in energy and direction introduced by the lead elastic
scattering on about half of the neutrons interacting with the shadow bar
may not be very important in view of the 25-cm-thick LiH slab which follows
it. For the remaining 507 of the neutrons interacting with the lead however,
there is a very substantiai degradation in energy due to (n,n') and (n,2n)
interactions as well as reemission of neutrons away from the shield. This
perturbation of the lead shadow bar on the background had to be investi-
gated. 1In order to do so we used a beryllium sample. Runs were made with

the Be sample in the beam with and without the lead shadow bar. The
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gamma-ray pulse-height spectra were compared as a function of flight

time (i.e, incident neutron energy), and within statistical uncertainties,
no differences in the shape of the spectra {N(EY) vs EY} were observed
except for a very small EY = 2.61 MeV peak in the lead-in measurement

for En > 3 MeV. This peak was attributed to neutron inelastic excita-
tion of the first excited state in 208Pb. The ratio of the counting

rate shadow-bar-in/shadow-bar-out was found to be 0.82. This ratio,

which gives some measure of the perturbation of the lead on the background
measurement, was studied as a function of tiﬁe—of—flight and found to

be constant. No explanation was found as to why this ratio is independent
of incident neutron energy. A carbon sample was also used to test the
background. TFor flight times corresponding to neutron energies below

4.8 MeV (threshold for inelastic scattering), the same ratio of 0.82

was obtained for the shadow-bar-in/shadow-bar-out ratio of counting rates.
No change could be detected in the pulse-height distribution either.

For flight times corresponding to En > 4.8 MeV and for pulse heights

above 5 MeV, we tried to verify this ratio in the case of the carbon
sample. This ratio was poorly determined because of the poor counting
statistics and appeared to decrease at the highest neutron energies where
it could have been as low as 0.4. However, this decrease could be explained
in the case of carbon if there were some high-energy gamma rays. Since
our pulse-height spectrum did not extend to 15 MeV, we could not positively
ascertain if this was the case. It is possible also that the 5.1 cm of
lead perturbs the background more for high-energy neutrons, even though
this was not found to be the case with the beryllium sample. In view

of the data at hand, we felt justified in keeping to 0.82 the ratio of
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the magnitude of the background for shadow-bar-in/shadow-bar-out

at all energies but increased the uncertainty in this ratio from 207

at low neutron energies to 507 at the highest energies. These errors

wefe included in the background subtracted data before unfolding and
propagated throughout the analysis. Therefore our method of subtract-

ing the background, by using a constant ratio of 0.82, may be systematically
underestimating it at the higher energies, but the errors in the resulting
data should take into account this possibility.

Our procedure for analyzing the data consisted of adding together
the TOF-PH arrays of all runs for a given sample configuration (i.e,
iron sample with either shadow-bar-in or shadow-bar-out). Frequent
calibrations in both pulse-height and time-of-flight showed negligible
variations during the course of the measurement.

The next step was to form pulse-height distributions for various
neutron energies by integrating the pulse-height spectra over time-of-
flight. In our experience fhe unfolding procedure works well only if
the statistical uncertainties are small (<37%). This necessitated summing
over a sufficient number of time-of-flight channels to get adequate
statistics in the pulse-height spectrum. Based on the need for statisti-
cal accuracy and smoothness of the yield curve, the decision was made
to bin the data in neutron energy intervals of 0.2 MeV for En between
0.6 and 1 MeV, 0.5 MeV for En between 1 and 10 MeV, 1 MeV for En between
10 and 16 MeV, and 2 MeV for En > 16 MeV. A second data reduction was
made using neutron energy intervals identical to those of GRT6 to allow

a direct comparison of the experiments.
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The spectra obtained with the lead shadow bar were corrected by the
factor 0.82 and subtracted from the spectra obtained without the shadow
bar. One such example of spectra is given on Figure 5 for 5.15 f-En-i
6.15 MeV together with some response functions for the detector. The
channels of these pulse-height distributions were then grouped together
into a series of bins corresponding to the structure of the response
matrix. (The number of pulse-height channels per bin varied from 1
to 8.). The binned data with errors were then unfolded with the code
FERD using the response matrix previously described. The data were
then corrected for the transmission of the gamma rays through the lead
shadow bar and for neutron and gamma-ray attenuation in the sample. The
final results for the 5.15 f_Em < 6.15 MeV neutron energy interval are
shown in Figure 6. The sensitivity of the spectrometer is clearly indicated
in this figure; note that gamma rays having EY > 6.15 MeV are observed.

We believe that these are real and are due to fast-neutron capture in
Fe, for which reaction the cross section is ¥ 1 mb for En ~ 5 MeV (Ref. 7,
13).

Our Nal unfolded data yielded close to 4000 data points. It is
impractical to publish these numbers with the paper. The numerical values
of the data are collected in a separate report.29 In an attempt to reduce
the bulk of the data, we have grouped the gamma rays into 240-keV intervals
to facilitate comparison with the data of reference 6. The numerical
tables are relagated to the appendix. This very coarse binning of the
Nal gamma-ray data does not do justice to the fine structure possible

with the Nal spectrometer as evidenced on Figure 6.
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B. .Ge(Li) Experiment

The Ge(Li) experimental system has been reported several times in

il.l4’15’30

deta The incident neutrons (monoenergetic and pulsed, generated

using a Van de Graaff accelerator) interacted with a 30 g sample of natural
iron in the form of a right circular cylinder. Spectra were obtained at
~0.5-MeV intervals for En between 5.35 and 9.0 MeV using the 3O—cm3 detector

14,15

described in prior reports. For all En data were obtained at GY = 55

and 90 deg and for several En at GY = 35 and 75 deg. Additional spectra
were obtained for En = 4,85 and 7.0 MeV at GY = 125 deg using a large
detector (45 cm3) and an improved experimental arrangement (see Ref. 10).
Fast-timing electronics were used to discriminate against most unwanted
background events so that the resulting spectra contained data primarily
due to prompt n + Fe interactions. Detector calibration and corrections

due to multiple scattering and finite sample size followed methods discussed

. 14,15
previously.

The absolute calibration of the beam monitoring system
is believed reliable to #7% (Ref. 15).
The spectrum obtained for En = 4,85 MeV is shown schematically in
"Figure 7. 1In this figure the shaded band indicates the underlying Compton
distribution, and the peaks indicate the shapes observed. Note that some
of the peaks corresponding to high-energy gamma rays are not Gaussian
shaped and are broad. This is due to Doppler broadening, i.e., the decay
of the excited Fe ion while still in motion. Experience has shown that very

nonsymmetric peak shapes may be observed,ls’3l

and it is not always certain
that a given broad peak is due to more than one gamma ray. In addition,

the measured gamma-ray energies were shifted from the true gamma-ray energies

up to 0.15% of the true gamma-ray energy. The actual amount of energy shift
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depends upon the lifetime of the emitting state and these are not always
known. All of the spectra were carefully studied to relate observed gamma-—
ray peaks with inelastic-scattering transitions to obtain branching ratios
for levels where these are not known.

The best spectrum for this study is the one shown in Figure 7, and an
attempt was made to identify the sources for all gamma rays observed. Place-

ment of the gamma rays among known levels in 56Fe depended upon previously

determined excitation energies,32 especially since the gamma-ray energies
could not be determined to better than 3 keV for the highest energy gamma

rays. The gamma-ray energy calibration for this spectrum utilized previously

8
»33 corrected for excited state life-

35

determined accurate gamma-ray energies
times when known34 using Blaugrund's methods. The results of this analysis
are presented in Table 1. All transitions corresponding to Ex > 4.4 Mev
are either new or support previous tentative assignments. Study of spectra
for En = 5.4 MeV yielded a number of additional gamma rays having small
differential cross sections (generally < 0.2 mb/sr). Only 3 of these could
unambiguously be assigned as transitions among levels in 56Fe. These were
EY = 4049 keV assigned to the 4875-846 keV transition and ground-state
transitions from levels with E_ = 5228 and 5255 (#£3) keV. A few higher
energy gamma rays were observed in the spectra obtained for En > 6 MeVy
those observed had very small yields and they could nét be reliably assigned
to specific transitions among known levels in 56Fe.

Absolute values of do/dw were extracted from the spectra in the same

. . 14,15
manner as previously discussed,

The major uncertainties associated
with reduction of these data were related to (a) the large number of gamma

rays observed, which resulted in increasing the underlying Compton distri-

bution, and (b) especially at the higher bombarding energies the effect of
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TABLE 1. GAMMA RAYS FROM 4.85-MeV NEUTRON INTERACTIONS
WITH 56Fe(eY;125 DEG, A En=0.15 MeV)

E(a) I(b) Assignment(c) E I Assignment
Y Y Y Y
787.9 0.5+0.3  3445.4-2657.6 2461 0.22+0.12 4546-2085.1
846.8  89.0 +4.5 846.8-g.5s. 2523.5  4.60+0.42 3370.3-846.8
869 0.25+0.12 3829-2960.4 2598.6 _ 4.45+0.31 3445.4-846.8
1037.8 5.53+0.40  3122.9-2085.1 2657.6(d)  0.240.1 2657.6-g.s.
11714, 2.2040. 30 3829-2657.4 2757 (e) 3.8+0.3 3604-846.8
1175.3 PR 4298.2-3122.9 2960.4(d)  0.2%0.1 2960.4-g.5.
1238.3  20.0 +1.1  2085.1-846.8 2982 2.13+0.18 3829-846.8
1302.6 0.82+0.25 3387.7-2085.1 3009.7  0.25+0.11 3856.5-846.8
1336 0.2940.15 4458-2960. 4 3119.1  0.3240.11 3119.1-g.s.
1360.4 1.5140.16  3445.4-2085.1 3202.2  2.03+0.16 4049.0-846.8
1575 0.40+0. 20 4694-3119.1 3253.7  1.1240.11 4100.5-846.8
1668 0.20+0.12 3753-2085.1 3273.2 .46+0.10 4120.0-846.8
1771.4 2.67+0.28  3856.5-2085.1 - 3370.3 .74+0.20 3370.3-g.s.
1790 0.23+0.12 4447-2657.6 3448 5 510,35 3448-g.s.
1810.8  10.4 +0.60  2657.6-846.8 ©3451.47 0T 4298.2-846.8
1852 1.06+0.15 4509-2657.6 3548 1.6740.10 4395-846.8
1880 0.36+0.15 4537-2657.6 3600, 3.8540.20 4447-846.8
1963.9 0.43+0.14 4049-2085.1 3604 U 3604-g.s.
2008 0.4240.22 4093-2085.1 3662 0.67+0.10 4509-846.8
2015.4 0.65+0.22  4100.5-2085.1 3765 0.24+0.09 4612-846.8
2034.9 1.7940.15  4120,0-2085.1 3829, 0.5340.09 3829-g.s.
2082 0.514+0.14 4740-2657.6 3830 Rt 4673-846.8
2095.1 2.03+0.14  2941.9-846.8 3880 0.19+0.08 4727-846.8
2§éi.6 7.28+40.40  2960.4-846.8 4537, 0.3240.08 4537-g.s.
3 0.14+0.10 4298-2085.1 4544 - 4544-g. 5.
2272.3 4.98+0.30  3119.1-846.8 4658 0.24+0.09 4658-g.s.
2374 0.18+0.12 4459-2085.1 4673 0.1140.07 4673~-g.s.
2425(d) 0.83+0.22 4509-2085.1

2AE =0.08%, due principally to uncertainties in Doppler shift corrections.

b . . . ,
Elemental differential cross sections (mb/sr) not corrected for isotopic
abundance. ’

®Other lines observed due to interactions of neutrons with natFe include:
211-keV from °°Fe(n,p)S®Mn, I =0.1340.07 mb/sr; 352-keV from S7Fe(n,n') *'Fe
and 56Fe(n,y)57Fe seen in bac%ground, I,,=0.6+0.2 mb/sr; 567-keV due to
56Fe(n,oc)53Cr, I_=0.25+0.12 mb/sr; and several transitions due to
Stpe(n,n') "Fe.

d , . : . .
Coincident with gamma rays due to excitation of S%Fe(5.8% isotopic abundance
in sample).

eMay include 2752-KeV gamma associated with 3599-846.8 keV transition.
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Doppler broadening, which resulted in reduced apparent energy resolution.
The combined uncertainty in crosé sections resulting from all of the other
parameters (e.g., geometrical corrections, detector efficiency, etc.)

is estimated to be < 10%. Numerical values of the absolute differential
cross sections and associated uncertainties are collected in the

2 \
separate report ? mentioned above.

C. Experimental Results for n + 54Fe

In all the high-resolution spegtra a number of peaks were observed
which could not be related to known transitions due to n + 56Fe. Experi-~
mental determination of the order of magnitudebof gaﬁma—ray yields in
54Fe(n,xy) would assist in gamma-ray identifications, since the isotopic
abundance of 54Fe is 5.8%. TFour spectra were obtained using the improved
Ge(Li)-spectrometer system mentioned abovelo for a 48 g sample enriched
to >97% in the 54Fe isotope. Data were obtained for En = 4,85, 5.4, and
6.45 MeV at GY = 125 deg, and for E = 5.92 MeV at GY = 55 deg. The
spectrum obtained for En = 5.4 MeV is shown in Figure 8.

In addition to obtaining gamma-ray production cross sections, which
are tabulated in Ref. 29, the four spectra were studied for spectroscopic
information about the 54Fe nucleus, and the results of this study are
summarized in Figure 9. The "branching'" ratios shbwn in parentheses in
this figure are actually ratios of cross sections at GY = 125 deg. These
ratios are in reasonable agreement with prior information (see Ref. 36)
except for the 1509 keV transition from the 4048-keV state. The present
value of 25% is much larger than the 2% given in Ref. 36, suggesting that

the observed peak includes another transition. At En = 5.4 MeV the peak

corresponding to EY = 3.29 MeV is clearly a doublet having energies 3288
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and 3294 keV and about equal in intensity, suggesting (by the dashed line
in Figure 9) another energy level in 54Fe nearly degenerate with the 4702-
keV state. 1In addition, new information concerning the reaction
54Fe(292y)54Mn, which has a large cross section ( > 400 mb for En = 5.4
MeV), was obtained from study of these data..37 Although a more thorough
study of n + 54Fe reactions would be interesting, the basic purposes were
satisfied. Reasonable estimates can be made to the total gamma-ray

. . . . . 54
production yield of the effect of neutron interactions with ~ Fe.

D. Excitation of the 846-keV Level in 56Fe Near Threshold

12 38
Recently, Voss et al.”” and Perey et al.” have reported measurements
which demonstrate that near threshold the excitation function for the
production of the 846-keV gamma ray exhibits pronounced resonant structure,
. 6,7 ,
more so than had previously been observed or expected. Since other
nuclei have resonant structure in excitation functions for inelastic scat-

tering6’12’38

we were interested in ascertaining if the present Nal-
spectrometer system could be used to determine such structure, There-

fore a runvwas made to repeat the 846-keV gamma-ray cross-section
measurements for En between 0.8 and 2 MeV. The same experimental arrange-
ment described in Section ITA above was used, except that the beam pulse
width was reduced to 5 nsec. Since only one gamma ray was involved (and
since unfolding several hundred spectré was a large task), the data-taking
routine was changed as follows: 'a window was set about the peak correspond-
ing to the 846-keV full-energy peak in the pulse-height spectrum and a
2048-channel TOF spectrum was obtained for pulse heights in the window; a

second window of the same size was set in the pulse-height spectrum just

above the 846~keV peak and a second 2048-channel TOF spectrum was obtained,
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The total running time was 40 hours. The second TOF spectrum was subtracted
from the first to provide a relative set of cross sections. These were
integrated and then normalized to production cross sections obtained as
described above in Section IIA. The results for En < 1.35 MeV are shown

in Figure 10 and compared with data of VosS'gE_gl,lO (Karlsruhe) and GRT.6

Although the present results do not have quite as good a neutron energy
resolution as the Karlsruhe results, we feel that the system is capable of
comparable results should the need arise. For Fe the Karlsruhe results

(corroborated by the report of Ref. 38) appear to be quite reliable.

ITY. DISCUSSTION AND COMPARISON OF DATA

The data may be considered to belong to two categories. In the first
category we consider d0/dw values for discrete individual gamma rays; in
the second we consider do/dw values for bimmed-group data, i.e., the
sum of do/dw for all discrete individual lines having EY within the specified
bin limits. The recent reports using Ge(Li) spectrometers have concentrated
on the first category and the data have proved useful in nuclear structure
studies. For shielding calculation purpoées, however, the second category
is the preferred format and evaluated gamma-ray files are usually prepared
in similar format. Therefore, the Nal spectrometer and data-reduction
system described above was developed as an efficient system for obtaining

cross-section data of the second category.

A. Comparison of EY = 846-keV Data

The 846-keV gamma ray is the strongest line observed (see Figure 6)

and makes up more than 977 of the discrete gamma-ray yield in the
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708 f_EY‘i 946 keV bin,39 at least for En < 9 MeV, accordine to our

Ge(Li) measurements. Comparison of our data for this EY bin with those of
TNC,2 LASL; and GRT,6 and the ENDF/B-III gamma-ray file13 is shown in
Figure 11. There are some obvious disagreements among the various sets

of data. Oﬁr data agree very well with the two LASL data points at En = 4
and 5.7 MeV, but their data is higher by 35% for En > 6.0 MeV. No such
behavior in the cross section seems indicated by the two sets of continuous
neutron-energy measurements, ours and GRT's. Except for the point for

4.10 < En < 5.15, the GRT data are approximately 10%Z higher at all energies.
The TNC measurements seem to support our lower cross-section values below

2 MeV and GRT's higher values between 3 and 4 MeV, although there the TNC
error bars overlap the other two sets of data.

Figure 12 shows the comparison of our results with several Ge(Li)-
spectrometer measurements for the energy region 4 < En < 10 MeV. The
shaded band represents the limits of our Nal-spectrometer data for the
total EY bin of Figure 11, but all the remaining data4-6 are for the
846-keV gamma ray only. Note that in this case the GRT data6 agree well
with the present Nal data even though we are comparing our total yield
for 708 < EY < 346 keV to their data for the 846 keV gamma ray only.

Both ours and GRT's data were obtained using an electron linear accelerator
5

4
to provide the neutron source; on the other hand the Obninsk, CFA™ and

present Ge(Li) results employed Van de Graaff accelerators to produce neutrons.

There is a distinct difference in the character of the excitation function, as

the GRT and present Nal data peak for En about 5 MeV; whereas the Van de Graaff
data continue to increase., All three of these experiments (Refs. 5 and 6 and

present Ge(Li) data) used the D(d,n)BHe reaction.
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The three-body break up for this reaction which occurs for Ed > 5 MeV
(i.e., such that En > 8 MeV for the two-body reaction) could not explain
this apparent systematic behavior. Cross sections for the three-body
break up40 have been used to estimate the effect at 9 MeV which accounted
for 7% of the observed gamma-ray production cross section in our data.41
Although all of the data on Figure 12 may weil be within the estimated
systematic uncertainties of the experiments, most of the Van de Graaff
data show a systematic large increase in cross sections slightly above
6 MeV and in this sense are similar to the LASL results3 shown on Figure
11. However, there is a difference between the LASL data3 and the other4’5
Van de Graaff measurements. As will be shown later, all of the measure-
ments are in good agreement for the 1238-keV gamma ray above 6 MeV except
the LASL data which are also about 307 too high. Orphan EE_§1,6 conjecture
that the LASL data include some contribution due to "continuum" gamma rays,
but this could not explain the disagreement shown on‘Figure 11 since the
GRT data and our Nal data are also supposed to include any '"continuum"
present.

To conclude on the comparisons for the 846 keV gamma ray, the GRT
binned-group data6 shown in Figure 11 are in very good relative agreement
with our data, the only difference being that our data average ~107 lower
at all energies. Our binned group data for 708 < EY < 946 keV are in
excellent agreement with their value for the 846-keV gamma~ray line,

consistent with our estimate of the continuum contribution.
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B. Comparison of EY = 1.24-MeV Data

The EY = 1.24 MeV gamma ray is the second strongest line observed in
all spectra for En > 2 MeV. Comparison for our binned group data for

3 GRT6 and the ENDF/B evaluation appear

1185 < EY < 1424 keV with LASL,
similar to Figure 11 except that the GRT data instead of being 10% higher
are closef to 507% higher. Comparison for the production of do/dw for the
1.24-MeV gamma ray itself is shown on Figure 13. 1In this figure an estimate
for this do/dw was obtained from our Nal data by assuming that the yield

in the spectra from 1.20 < EY < 1.31 MeV was proportional to the cross section
at EY = 1.24 MeV. The constant of proportionality was obtained for 2 <

En < 3 MeV and assumed constant for En > 3 MeV. Any error in this method
of approximation, due to "continuum' gamma rays or a nearby gamma ray,
should result in too large values for do/dw. As indicated in the figure,
all of the data, except the LASL results,3 are in reasonably good agreement.
There is some scatter among the several data sets obtained with Ge(Li)
detectors, particularly the Obninsk results.4 Resonances in the excitation
function may be expected, particularly near threshold, similar to those
observed in Figure 10 for the 846 keV transition. However, none of the
experimental results shown in Figure 13 appear to yield such information,
except possibly the Obninsk results for which to our knowledge a complete
report has not been published.42 It is worth noting the different shapes

of the cross sections as a function of energy for the 846 and 1238 keV
lines. The abrupt reduction of do/dw values for En above 12 MeV, for both
the 846 and 1238 keV lines, very evident in our data, is related to the

onset of the 56Fe(n,Zn) reaction (En threshold of about 12,7 MeV).
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To conclude on the comparison of the two strongest lines of the iron
data, the only ones we can confidently extract from our Nal data, there is

generally 20% agreement among all the data sets.

C. Discussion of Remaining Gamma-Ray Data

Comparisons for other discrete-line data are similar to those shown

on Figures 12 and 13, and comparisons for binned group data are somewhat

. ' . . 6 .
similar to those shown in Figure 11. Orphan et al. have made an extensive

comparison of their line data with our Ge(Li) results on the basis of our
preliminary data4land found good overali agreement. We shall, therefore,
not repeat this comparison here. For the unfolded data the major trend,
with a few exceptions, is toward better agreement for larger EY, partly
accounted for by increased uncertainties. An indication of differences
as well as agreements between the present Nal data and GRT results6 is
given in Table 2, |

The "I lines" data are in good agreement (~15%), with the largest
difference for the highest En bin., This difference is almost entirely
accounted for by the high values for the 846 keV line discussed before.
The "Partial" differential cross sections are in excellent agreement for
En < 10 MeV, becoming very poor for En > 12.5 MeV. The '"Total" differential
cross sections are in fair agreement (~20%) for En < 5.15 MeV (except possibly
for the 3.06 < En < 4,10 MeV bin).. Hoﬁever, the GRT "Total" data are 40%
or more larger than the present Nal values for En > 5,15 MeV, 1In view of
the overall agreement for discrete lines and for the 'Partial' sums up to

En = 10 MeV, the Very large disagreement in the total gamma-ray yield deserves

careful consideration.
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TABLE 2. TOTAL AND PARTIAL GAMMA-RAY YIELDS (IN MB/SR)
FOR GY = 125 DEG.

En dTotala . Partialb - L Lines® —
(MeV) GRT Present GRT Present GRT = Present
0.86-1.32 . 43 33 44
1.32-2,14 71 58 68
2,14-3.06 96 87 98
3.06-4.10 185 139 9 10 148
4,10-5.15 214 190 33 34 168  175(193)
5.15-6.15 318 229 52 48 187  172(194)
6.15-7.71 332 252 62 63 175 174(186)
7.71-9.78 338 252 74 78 158 183(188)
9.78-12.56 379 247 105 85 147
12.56-16.74 326 174 92 54 106

aIntegrated yield for EY‘z 0.71 MeV.
bIntegrated Yield for EY > 2.38 MeV.

CSummed do/dw for the discrete lines reported by GRT.

dRef. 6.

®Present Nal binned-group data.

fPresent Ge(Li) data; values are averages obtained for one or more
spectra having mean E_ within designated bin. Values in parentheses
are similarly summed HG/dw for all discrete lines reported in the
present experiment,
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The lack of agreement for EY < 2.4 MeV is apparent in the unfolded
results for En > 5,1 MeV., Errors in the response functions for low-energy
gamma rays can be excluded as a major source of discrepancy in view of the
fair agreement below En = 5,1 MeV. Our confidence in our low-energy gamma-
ray response functions seems fo be justified by the 226Ra results shown in
Figure 4. Some of tﬁe differences could come. from an inadequate description
of the low-energy Compton distribution of the response functions for high-
energy gamma rays. It is not very easy to test directly the low-energy
part of the response functions for high-energy gamma rays. Nevertheless,
this possible source of disagreement does not appear to us to be capable
of explaining completely the discrepancy. For our Nal detector, approximately
20% of the total response for 4.4 MeV gamma rays corresponds to a deposited
energy between 0.7 and 2.4 MeV, and the response functions agree with that
for an identical detector, with different shield, used at the ORNL Tower
Shielding Facility.22 The Tower Shielding Facility gamma-ray spectrometer

response functions have been checked using thermal-capture measurements where

high-energy gamma-ray transitions dominated the spectra. Furthermore,

for 5.15 f-En-i 6.15 MeV it is difficult to ascribe the 90 mb/sr difference
between the GRT "Total" and our Nal "Total" to some error in the Nal

response functions, for this would imply that more than 60% of the total
response functioné for high—energy gamma rays corresponded to a deposited
energy between 0.7 and 2.4 MeV if do("Partial')/dw is 50 mb/sr as indicated
for this En bin in Table 2. By the same reasoning we can probably eliminate,
also from consideration as the sole source of the discrepancy, the inadequcies

of the low-energy part of the response function of the GRT Ge(Li) detector.
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We have compared very carefully the results of the unfolding of our
data using the same neutron and gamma-ray energy intervals as the GRT data,
and Figure 6 for 5.15 < En < 6.13 MeV is typical of the results for all
En intervals. Major discrepancies occur for 946 < EY < 1185 keV and 1424 <
EY < 1663 keV where the Nal data show unmistakable deep minima, in addition
the bin 1185 < EY < 1424 keV has much higher values in the GRT data. These
deep minima are very evident in our raw data shown in Figure 5, The LASL
results3 do reproduce the character of the present Nal results, in Figure 6,
quite well. For the other En intervals, however, the LASL results are in
much less agreement, The highest neutron energy group for which there is
good overall agreement is 4.10 < En < 5.15 MeV. 1In Table 3 we show the
detailed comparison of the four sets of data for this neutron energy
group. It can be seen that already for this neutron group the only systematic
disagreement occurs for the gamma-ray bins from 946 to 1663 keV. On the
basis of their line datavand their unfolded spectrum, Orphan g£_§£.6 conclude
that there is about 46 mb/sr of '"continuum" for this energy group. On the
basis of our Ge(Li) gamma-ray line data at 4.85 MeV, we conclude that there
is no "continuum" contribution when we compare to our unfolded Nal data and
about 20 mb/sr of "continuum'" when we compare to the GRT Ge (Li) unfolded
data, this "continuum" being entirely with gamma-ray energies from 946 to
1663 keV. However, for 5.15 < En < 6.15 MeV the present results indicate

a gamma-ray ''continuum" of 35 mb/sr or 15% of the total we obtain, whereas
the GRT data suggest about 130 mb/sr or 40% of their total results. This
rather sudden increase of '"continuum'" suggested by the GRT results seems
difficult to understand. Over half of the difference in the two sets of

data again occurs for 946 < EY < 1663 keV, with the GRT data being more



TABLE 3.

COMPARISON OF SUMMED DISCRETE-LINE do/dw AT E

(BINNED-GROUP) do/dw FOR NEUTRON ENERGY INTBRVAL 4.70 - 5.15 Mev?@

= 4,85+0.15 MeV WITH CONTINUUM

Gamma-Ray 56Fe ¥ do/dw S4pe Di:?;l:ie Unfolding Unfolding-Lines (ORNL)
Energy Interval (Elemental) (Elemental) Lines Ge(Li) Nal Ge(Li) Nal
(keV) Present Results Orphan et al. Present Results Present Orphan, et al. Present Orphan,et.al. Present
708-946 89.8+4.8 87.9 0.640.1 90.4+4.9 91.2+47.1 91.741.7 +0.8+8.6  +1.345.2
946-1185 ‘7.719.8 6.0 1.340.2 9.0+0.9 16.3+2.7 12.8+1.2 +7.3+2.8 +3.8+1.5
1185-1424 22.6+2.3 24,9 4,140.4 26.7+2.7 31.442.0 19.140.9 +4.743.4 -7.6+2.8
1424-1663 0.440.2 0.440.1 0.840.3 8.240.8 1.540.7 +7.440.8 +0.740.8
1663-1902 14.941.5 11.9 " 0.240.1 15.141.6 15.411.2 13.540.7 +0.3+2.0 -1.6+1.7
1902-2141 13.1+1.4 9.1 0.3+0.1 13.441.5 14.840.9 11.0+0.6 +1.4+1.7 -2.441.6
2141-2380 5.340.5 3.9 5.3140.5 3.440.4 6.2+0.5 -1.5+0.6 +0.940.7
2380-2619 10.1+41.0 10.4 0.240.1 10.341.1 9.4+0.7 8.9+0.4 -0.9+1.3 -1.4+41.2
2619-2858 4.040.4 4.3 0.240.1 4.240.4 5.940.4 5.0+0.3 +1.740.6 +0.8+0.5
2858-3097 2.640.4 0.440.1 3.040.5 3.340.3 3.6+0.3 +0.340.6 +0.610.6
3097-3336 3.940.5 1.5 0.540.1 4.440.6 3.740.2 4,440.2 -0.740.4 4+0.040.6
3336-3575 5.540.7 3.6 5.54+0.7 3.610.3 7.340.2 -1.9+0.8 +1.840.7
3575-3814 4,.840.4 4,2 4.840.4 6.0+0.2 3.840.1 +1.240.4 -1.040.4
3814-4053 0.740.2 0.740.2 0.319.1' 0.8+0.1 -0.44+0.2 +0.140.2
4053-4291 0.340.1 0.1+0.1 +0.340.1 +0.110.1
> 4291 0.440.2 0.4140.2 0.3+0.2 -0.430.2 _0,1+0.3
Total 193.44+16.7 213.7+17.4 189.3+8.2

4The gamma-ray energy intervals, neutron energy interval and data in colums 3 and 6 were reported in Gulf Radiation
Technology Report RT-A10743 (see Ref. 6).

Iy
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than twice as large as our data in those three gamma-ray bins. (Our Nal
unfolded data give 50 mb/sr; their Ge(Li) unfolded data give 104 mb/sr.)
According to our knowledge of the reaction mechanisms involved, it is
difficult to understand this sudden jump in cross section between the
two energy regions. In fact, for En between 4 and 12 MeV the total non-
elastic cross sections are nearly constant at 1350-1400 mb,7 i.e., G/4m =
110 mb/sr to use units comparable to Table 2. For En from 5 to 6 MeV,
the differential cross sections for 56Fe(n,y), 56Fe(n,p) and 56Fe(n,oc)
are all less than 1 mb/sr.7 The 54Fe(n,p).cross sections O0/4m = 40 mb/sr7
must be corrected for isotopic abundance of 5.8%, leaving about 2 mb/sr
as the possible contribution from this reaction. Thus from 4 to 6 MeV
incident neutron energy the dominant gamma-ray producing reaction is
(n,n'). The only way to account for the sharp increase in the "Total"
gamma-ray production data of GRT is to assume that there is a sharp
increase in average gamma;ray multiplicity from 2 for 4.1 < En < 5,1 MeV
to 3‘for 5.1 < En < 6.1 MeV. To obtain such a large increase in average
gamma-ray multiplicity implies a very large change in the multiplicity
for the levels populated by 5- to 6-MeV neutrons as opposed to those
populated by < 5-MeV neutrons. Theoretical expectations13 are that the
average multiplicity increases by only 10% from 5 to 6 MeV. We emphasize
that we do not disagree with the premise that some amount of "continuum"
exists in the GRT measurements as well as our own; but we fail to under-
stand the sudden jump at En = 5,1 MeV, particularly in view of the then
almost constant value of the cross section up to 10 MeV.

The large decrease in the gamma-ray production cross section above 12

MeV, seen in our data, can be understood in terms of the onset of the (n,2n)
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reaction. This reaction populates low-lying levels in the residual nucleus
with small gamma-ray multiplicities at the expeﬁse of the (n,n') reaction,
which populates the high excited states in the residual nucleus with much
higher gamma-ray multiplicities. At 14.5 MeV, in the middle of the last
neutron energy group of the GRT data, the (n,n') cross section with relatively
high gamma-ray multiplicities is about equal to the sum of the (n,2n), (n,p)
and (n,0) reactions which lead to much lower gamma-ray multiplicities.  We,
therefore, expect a reduction in the average multiplicity shown in our data
but absent in the GRT data which gives the same value as in the interval

5« En < 10 MeV.

The above arguments suggest to us that the source of the discrepancies
may be in the area where the two experiments differ most markedly ~ the
determination of the background contribution for the unfolded spectra. For
our experiment the assumptions underlying our background subtraction method

have been detailed in Section II.

6
In the GRT experiment the three main assumptions concerning the back-
ground subtraction from the iron data appear to be: 1) the background

spectral shapes. are determined by substituting a beryllium scatterer, using

spectra obtained at incident neutron energies 1.344 times higher to compensate
for the difference in kinematic energy loss for elastic scattering through 1250;
2) normalization for the background subtraction can be determined on the

basis of the area of the 596~keV line from 74Ge(n,n'Y); 3) the "background"
and "foreground plus background" spectra can be unfolded first and then sub-
tracted. We do not know how well these assumptions were verified for this

experiment beyond what is stated in the report.6 One may conjecture about
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possible breakdowns in these assumptions on the basis of the information

given in the report6 which might explain the differences between their
unfolded data and ours. We realize how conjectural the following remafks

may be; we claim only that they appear to us plausible at the moment

on the basis of the information in the report6 and could possibly explain

the areaskof disagreement between the two sets of unfolded daté. Up

to a certain neutron energy, say En = 5 MeV, the procedure followed in using
the beryllium data as background for the iron sample might be working well
because of the similarity between the neutron energy spectra striking the
detectors, i.e., mostly elastic scattering. Above this energy, say up to En =
12 MeV, the high-energy part of the background may aiso be obtained correctly
because it is also dominaﬁed by the elastic scattering from both samples.
However, the low-energy part of the background, say for EY < 2.4 MeV, comes
from two sources: a) the high-energy elastically-scattered neutrons, and

this would be obtained correctly and b) the low—enérgy neutrons, and this

part of the background may not have been obtained correctly. This is

because we suspect the (n,n') neutron spectrum from iron to be considerably
harder than the (n,2n) neutron spectrum from beryllium; the "background', i.e.,

neutron induced counts in the Ge(Li) detector, might not have been subtracted

enough in using the’ beryllium spectrum. Orpﬁan gg__l.6 do not claim to

have used rigorously the areas in the 596-keV 74Ge(n,n'y) peaks to subtract

the background from the data but to have also performed, at least at the lower
energies, "any needed renormalization by matching the higher gamma-ray energy
counts." It is, therefore, not obvious to us how any breakdown in this

assumption, such as sensitivity of the 596-keV yield as a function of neutron

energy spectra, might have affected the results. The above conjectures,
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if correct, could possibly explain all of the similarity and differences

in the two sets of data below 10 MeV. However, we do not have enough quan-
titative information to judge if the effects could be large enough to explain
all of the observed differences. We do not think that the above arguments
could account for much more than 2/3 of the differences above 10 MeV and,

in particular, explain the discrepancy for EY > 2.4 MeV which is very large
above 12.5 MeV. Orphan gg_gl.6 subtracted the "background" from the "fore-
ground plus background" spectra after unfolding them. They state quite
specifically that they prefer to do this rather than unfold the background
corrected spectra because MAZE I, their unfolding code, "is sensitive to
small inconsistencies in the spectrum being unfolded." TIf this is the

case, we might think that the reverse procedure, unfolding the subtracted
pulse-height spectrum, would be preferable in particular at high energies.
The concept of unfolding a pulse-height spectrum is based on the premise
that it can be decomposed by a superposition of lines having given response
functions. If the pulse-height spectrum contains features, inconsistencies,
which cannot be easily resolved with the response functions, it is not
obvious how the unfolded spectrum is affected. At low energy, if the
background is mostly coming from gamma rays induced in the germanium by

the neutrons striking the detector, the procedure could be adequate provided
the response functions used were also applicable to a gamma-ray source
distributed inside the detector. But at high energies where in addition
there is likely to be at least (n,p) and (n,0) reactions in the germanium,
it is not clear to us what happens. In principle, if the background is
subtracted from the pulse-height spectrum before unfolding, such that only

counts from gamma rays for which the response functions have been obtained
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remain in the spectrum, we have a much more reliable situation for the

unfolding process.,

IV. SUMMARY AND CONCLUSIONS

We have presented in this paper the results of our measurement of
neutron-induced gamma-ray production cross sections for iron. The Nal
detector system used at the ORELA Shield Test Station, the data acquisition
and the reduction techniques employed were described in detail. Our Ge(Li)
spectrometer data, acquired at the ORNL Van de Graaff, were briefly reported
upon and used in coﬁparisons with the NaI data. The bulk of the numerical
values of the data was not given here as these are available in a separate
report.29

Our data were compared in some detail with the results of an experi-
ment, similar to our Nal measurement, performed at GRT6 using a Ge(Li)
spectrometer. The GRT data are of two types, line data and unfolded spectra.
At 5 MeV the agreement between all four sets of data is very good, from 10%
for strong lines to 207 for the weaker lines. The gamma-ray line data from
the two Ge(Li) experiments are also within 10% for the strong lines
in the region of overlap, 5 < En < 9 MeV. (We have only shown the compari-
sons in a few instances, a more complete comparison being made in the GRT
reportﬁ) For the two strongest gamma-ray lines, at 846 and 1238 keV, we
could make a comparison of our Nal data with the GRT line data and the
agreement is of the order of 107 over the complete energy region. The
agreement between the Nal and Ge(Li) unfolded data is not aé good. More
specifically, the data are in fair agreement up to En = 5 MeV, and for

5 < En < 10 MeV we only find agreement for EY > 2400 keV. (For 5 < En < 10 MeV
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and for 950 < EY < 2400 keV the data of GRT are approximately twice as
large as ours.) Above En = 10 MeV, the disagreement increases for all
gamma-ray energies, and in the region of 12.5 < En < 16.7 MeV the overall
disagreement is approximately a factor of two. We have investigated the
nature of the disagreements in some detail, both from a point of view of
the reaction mechanisms involved and the experimental techniques used

in the two different experiments. We have indicated in two specific
instances a few of the theoretical difficulties encountered in trying

to understand some of the behavior of the GRT data. We conjecture that
if the background contributions to the pulse-height spectra have been
improperly subtracted in the GRT data, this could explain the discrepancies

between the two sets of data.
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APPENDIX

TABULATED CROSS SECTIONS FOR NaI-SPECTROMETER DATA
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NEUTRON GAKMA RAY PRODUCTION CROSS SECTIONS FROM IRON. THE TABULATED VALUES ARE DIFPERENTIAL CROSS
SECTIONS AT 125 DEGREES,IN MB/SR,FOR THE GAMMA RAY ENERGY INTERVALS,IN KEV,SHOWN IN THE LEFPTMOST
COLUMN.THE ERRORS INDICATED ARE IN THE SAME UNITS AND DO NOT INCLUDE AN ESTIMATED 10% ERROR DUE TO
ERRORS FOR ADJACENT COLUMNS SHOULD BE LESS THAN 5%. THE

THE ABSOLUTE FLUX MEASUREMENT.THE RELATIVE
COLUMN HEADINGS ARE,IN MEV,THE LOWER LIMIT
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OF THE NEUTRON ENERGY INTERVAL FOR THAT COLUMN.THE DPPER

IS 5.003 MEV.
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NEUTRCN GAMMA RAY PRODUCTION CROSS SECTIONS FROM IRON.THE TABULATED VALUES ARE DIFFERENTIAL CROSS
SECTIONS AT 125 DEGREES,IN MB/SR,FOR THE GAMMA RAY ENERGY INTERVALS,IN KEV,SHOWN IN THE LEFTMOST
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9.463 MEV.
6.523 7.012
90.50 3.9% 89.10 4.06
16.70 2.91 17.50 3.09
36.30 2.38 37.70 2.37
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NEUTRON GAMMA BAY PPODUCTION CROSS SECTIONS FROM IRON,THE TABULATED VALUES ARE DIFFERENTIAL CROSS
SECTIONS AT 125 DEGREES,IN MB/SR,FOR THE GAMMA RAY ENERGY INTERVALS,IN KEV,SHOWN IN THE LEPTMOST
CCLUMN.THE ERRORS INDICATED ARE IN THE SAME UNITS AND DO NOT INCLUDE AN ESTIMATED 10% ERROR DUE TO
THE ABSOLUTE FLUX MEASUREMENT.THE FELATIVE ERRORS FOR ADJACENT COLUMNS SHOULD BE LESS THAN 5%. THE
COLUMN HEADINGS ARE,IN MEV,THE LOWER LIMIT OF THE NEUTRON ENERGY INTERVAL FOR THAT COLUMN.THE UPPER

LINIT FOR THE LAST NEUTRON ENERGY INTERVAL IS 19.900 MEV.
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NEUTROR GAMMAR RAY PRODUCTION CROSS SECTIONS FROM IRON.THE TABULATED VALUES ARE DIFFERENTIAL CROSS
SECTICKS AT 125 DEGREES,IN MB/SR.POR THE GAMMA RAY ENERGY INTZRVALS,IN KEV,SHOWN IN THE LBPTMOST
COLUMN.THE ERRORS INDICATED ARE IN THE SAME UNITS AND DO NOT INCLUDE AN ESTIMATED 10% ERROR DUE TO
THE ABSOLUTE FLUX MEASUREMENT.THE RELATIVE ERRORS FOR ADJACENT COLUMNS SHOULD BE LESS THAN 5%.THE
COLUMN HZADINGS ARE.IN MEV,THE LOWEF LIMIT OF THE NEUTRON ENERGY INTERVAL FOR THAT COLUMN.THE UPPER

LIMIT FOR THE LAST NEUTRON ENERGY INTERVAL IS 16.740 MEV.
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