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FAST-NEUTRON GAMMA-RAY
PRODUCTION FROM ELEMENTAL
IRON: E_ N 2 Mev

by
Donald L. Smith

Argonne National Laboratory, Argonne, I1linois 60439, U.S.A.

ABSTRACT

A Ge(L1) detector and a fission detector were used
to measure elemental differential-cross-section excitation
functions for fast-neutron gamma-ray production from iron
relative to fast-neutron fission of 235U. Data were ac—
quired at ~ 50 keV intervals with % 50 keV neutron-energy
resolution from near threshold to ~ 2 MeV. Angular distri-
butions for the 0.847-MeV gamma ray were measured at 0.93,
0.98, 1.08, 1.18, 1.28, 1.38, 1.59, 1.68, 1.79, 1.85 and
2.03 MeV. Significant fourth-order terms were required for
the Legendre polynomial expansions used in fitting several
of these angular distributions. This casts doubt on the
accuracy of the commonly used approximation that the inte-
grated gamma-ray production cross section is essentially
equal to 47 times the 55-degree (or 125-degree) differen-
tial cross section. The method employed in processing these
data is described. Comparison is made between results from
the present work and some previously reported data sets.
The uncertainties associated with energy scales, neutron-
energy resolution and other experimental factors for these
various measurements make it difficult to draw conclusions
concerning the observed differences in the values reported

for these fluctuating cross sections.

This work performed under the auspices of the U.S. Energy
Research and Development Administration.



1. JINTRODUCTION

Iron is used extensively in structural components and shield-
ing for nuclear reactors since ferrous materials are relatively
inexpensive and their properties can be tailored to satisfy many
reactor engineering requirements. Information on neutron inter-
action phenomena for iron is important in the analysis of nuclear
reactor kinetics, radiation damage effects and safety. The latter
aspect is particularly relevant because the structural integrity
of reactors, and the design of effective biological shielding,
bothidepend upon properties of iron.

Requests for cross section data on the interaction of fast
neutrons with iron currently specify accuracies in the range 5-107%
for the important processes in effect at neutron energies up to 15
MeV [1]. These include total interaction, capture, elastic and
inelastic scattering, (n;p), (n;a), and gamma-ray production proc-
esses. A brief survey of the literature reveals that these requests
are largely unsatisfied [2].

Measurements have been made on most of these processes at many
laboratories. Unfortunately, differences in the reported cross
section values are largely unresolved. Recent high-resolution
studies, carried out at both monoenergetic and white-source facili-
ties, have shown that the total, elastic and inelastic scattering
Cross sections for iron exhibit pronounced structure at energies up
to several MeV [3-6]. The existence of this structure appears to
offer a plausible explanation for the differences in reported cross
section sets, Ideally, energy-averaged high-resolution data
should agree with the results of broad-resolution measurements.
This has generally not turned out to be the case for iron--at least
to within the desired accuracy (< 10%).

The neutron-induced prompt gamma-ray production for neutron
energies from 0.86 MeV up to several MeV is dominated by the 0.847-
MeV gamma ray associated with excitation of the first-excited state
in 56Fe by the 56Fe(n,n’Y)56Fe reaction. A 1.408-MeV gamma ray



from the 54Fe(n,n'Y)SAFe reaction is also observed at energiles
below 2 MeV, but it is of secondary importance because of the
low abundance of 54Fe (5.82%). Gamma-ray production from
neutron reactions with 57Fe and 58Fe appears to be unimportant
owing to low isotopic abundance. Capture gamma rays are
important for low-energy neutrons, however this aspect is not
considered in the present report.

The integrated cross section for 0.847-MeV gamma ray pro-
duction nearly equals the integrated inelastic scattering cross
section for the 0.847-MeV level in 56Fe at energies below 2.085
MeV (only one level is excited and internal conversion is
negligible). The 0.847-MeV gamma-ray production cross section
has been measured with high resolution at white source facili-
ties [4-6]. The results of these various experiments are in
falr agreement on the general shape of the excitation function;
differences in detail are noticeable in the vicinity of extrema,
probably because of energy scale and resolution differences for
these measurements. Differences of R 10% are observed for the
energy-averaged Cross sections derived from these high-resolution
measurements. Quoted errors for these data are Vv 15%. Uncer-
tainties in neutron fluence determination and background subtrac-
tion appear to be the major sources of experimental uncertainty
for these white-source experiments.

Geometric limitations hamper the measurement of angular dis-
tributions at white-source facilities. Gamma-ray production
measurements at these facilities have usually been limited to 55
or 125 degrees where nodes exist for the second-order terms of
Legendre-polynomial representations of the angular distribution
functions. The assumption is made that the fourth-order terms
are insignificant. Angular distribution measurements for both
inelastic scattering and inelastic gamma-ray production have been
made with coarse resolution at various laboratories [2,7]. There
are wide differences in the cross sections derived from these

measurements. The 0.847-MeV gamma-ray angular distribution



has been observed to be strongly anisotropic near threshold
[8], and there is evidence that the inelastic neutron scat-
tering distribution for the 0.847-MeV level in 56Fe is also
somewhat anisotropic and not always symmetric about 90 degrees
[3]. Fewer data are available on the cross section for produc-
tion of the 1.408-MeV gamma ray because the yield is low and
less emphasis has been placed on this process [2,71.

The present work was undertaken with the objective of im-
proving the knowledge of the energy-averaged inelastic gamma-
ray production cross sections for natural iron near threshold.
Emphasis has been placed on measurement (wherever practical) of
gamma-ray angular distributions and investigation of the effect
of observed anisotropies on the integrated cross sections.

An experimental facility, which was recently developed at the
Argonne Fast-Neutron Generator Laboratory, was utilized in the
Present work [9]. Since the experimental apparatus and details
of the measurements are described in an earlier report [9],
this topic 1s covered briefly in Section II. Data processing
details, including formulas used in the differential-cross-
section calculations, are discussed in Section III (exclusive
of the sample absorption and multiple scattering effects which
are discussed in Ref. 10 and Appendix A of the present report).
Corrections to the data are reviewed in Section IV. An analysis
of experimental errors is given in Section V. Finally, the re-
sults of the present work, and a comparison with some other re-

ported data, appear in Section VI.

II. EXPERIMENTAL PROCEDURE

The neutron source for the present measurements was the
7Li(p,n)7Be reaction. The characteristic neutron spectrum for
this source is described in an earlier report [11]. Pulsed and
bunched proton beams were obtained from the Argonne National
Laboratory Fast-Neutron Generator. Average beam intensities of

v 5 YA on target were obtained with a pulse rate of



n 2 MHz and time resolution of "V 1 nanosecond. Neutron-energy
resolution was primarily dependent upon the thickness of the
natural lithium metal deposits which were evaporated onto tan-
talum backings and used as targets.

Chemically pure (> 99%) natural iron samples, in the form
of solid cylindérs, were placed on the beam line v 12 cm from
the neutron source. Two samples were used in the present work.
The larger sample had a mass of 337.5 grams and was 3.8 cm high
and 3.8 cm in diameter. The smaller sample had a mass of 52.72
grams and was 2 cm high and 2 cm in diameter.

The neutron fluence was measured with a fission detector
which contained a 2.54-cm diameter deposit of ™ 0.4 mg of
uranium. The isotopic composition of this deposit is: 234U
©.97), 2350(93.30), 2360(0.30) ana >Pu(s.5%). Procedures
for calibration of this deposit have been reported [12,13].

The fission detector was placed on the beam line between the
neutron source and the sample. The distances from the neutron
source to the uranium deposit were in the range 5-7 cm. - Since
calibration of the apparatus was sensitive to the distances
from the neutron source to the sample and to the fission detec-
tor, these distances were measured with a micrometer and were
rechecked periodically during the experiment.

The gamma radiation produced by fast-neutron bombardment
of the iron samples was measured with a 52—cm3 true-coaxial
Ge(Li) detector. This detector was placed in a shield which
pivots around the sample position through the angular range 30 -
135 degrees. The relative full-energy peak efficiency for this

detector was measured using a series of radioactive gamma-ray
60 22 152 133
Co Na Eu

. s s Ba, etc., over

sources, including 56Co,
the range EY = 0.1-3.5 MeV [9]. The absolute efficiency was
measured at 0.662, 1.274 and 1.333 MeV using U.S. National

137Cs, 22Na and 60Co sources

Bureau of Standards calibrated
placed at the sample position.
A current integrator and plastic scintillator were used as

secondary monitors for relative measurements. Excitation



functions near 55 and 90 degrees were measured with the fission
detector in place. Angular distribution measurements were made
with the fission detector removed from its normal position; the
integrator and plastic scintillator were then used as the moni-
tors.

Time-of-flight techniques were used to reduce background
and the experimental data were recorded with an on-line computer
system [9,14]. Gamma-ray pulse-height spectra, time-of-flight
spectra for the gamma-ray detector, fission detector and scin-
tillation detector, as well as integrator and long counter counts
were stored in the computer.

Most of the measurements were performed using the 337.5-gram
iron sample in order to enhance the data accumulation rate. The
corrections for absorption and scattering in this sample were
large. These corrections affected the absolute normalization of
the measured cross sections significantly, but had much less in-
fluence on the shapes of the excitation functions and angular
distributions. Measurements were therefore made at several ener-
gles using the 52.72-gram sample. Since the corrections for this
sample were considerably smaller, these data were then utilized
to establish the absolute cross section normalization for the en-
tire experiment.

Specific sets of large-sample data acquired in the present
experiment were:

1) yield of the 0.847-MeV gamma ray near 90 degrees, with N

45 keV resolution and energy steps of " 50 keV, from 0.9
to 1.32 Mev,

i1) yield of the 0.847-MeV gamma ray near 55 degrees, with "

65 keV resolution and energy steps of v 50 keV, from 0.89
to 2.04 Mev,
iii) angular distributions of the 0.847-MeV gamma ray with
65 keV resolution at neutron energies of 0.93, 0.98, 1.08
1.18, 1.28, 1.38, 1.59, 1.68, 1.79, 1.85 and 2.03 MeV,
iv) yield of the 1.408-MeV gamma ray nedr 55 degrees, with ~
65 keV resolution and energy steps of v 50 keV, from 1.5
to 2.04 MeV.
ITI. DATA PROCESSING

The counts in the 0.847- and 1.408-MeV gamma-ray full-energy

peaks were obtained after subtraction of background. The monitor
-~8-



counts were obtained from the appropriate peak in the time-
of-flight spectra whenever the fission detector (or scintilla-
tion detector) served as the monitor.

The computation of cross gsections from the measured quan-
tities is complicated because of numerous experimental details
which must be considered. These include geometry, secondary
neutron groups from the source reactidn, 1ithium target thick-
ness, and the absorption and multiple scattering of neutrons
and gamma rays. The formalism for these computations is out-
1ined below for the case where the fission detector serves as
the monitor. Analysis of data acquired using the integrator
or plastic scintillator as a monitor is simpler since the
monitor counts require no corrections.

In performing the cross-section calculations, the lithium
target is divided into n, layers (1T =1, ...y nT), the
uranium deposit is divided into ng concentric annuluses (iF =
1, ...y ng ) and the sample is divided into ng volume elements
(defined 1n Ref. 10) designated here by the index i 3=1,
<5 Og ). The four uranium isotopes found in the uranium de~-
posit are designated by the index £ (® = 1,..., 4). The
neutron spectrum from the 1ithium target has two discrete
groups and an additional low-energy continuum group. The con-
tinuum group is represented by several (usually 10) adjacent
discrete groups for computational purposes. The total number
of neutron groups is designated mn, (iG = 1lyeue, nG).

The relationship between the observed fission detector
counts and the fission cross sections for the uranium isotopes

in the deposit is given by the formula

2 C o T oF 4
¥ = o - I CoCrp !l F de Ty ( I MygOpe| D
FRF i1 i F oCipl g
T G F
where
Y = observed fission detector counts,



a constant correction factor,

FH
RF = radius of uranium deposit,
CFN = correction dependent upon neutron energy,
CFP = correction dependent upon proton energy,
F = neutron fluence (neutrons/sr),
dFiF = distance from neutron source to the annulus,
rFiF = mean radius of the annulus,
NUE = absolute number of atoms of %-th isotope in the
uranium deposit,
Opg = fission cross section for 2-th isotope of the

uranium sample at the appropriate energy.

The expressions utilized for calculating the neutron fluence F
were obtained from Appendix A of Ref. 11. The overall normaliz-
ation of F is unimportant since ratio measurements were made in
the present experiment.

The relationship between the observed gamma-ray detector
counts and the gamma-ray production differential cross section

is given by the formula

n. n
Y, =C DZ—NS ( e)ZTZGccc
s ™ %su Py |8 “pertper SN”SPSS *
i1
T I
nS -2 do 2
. F d — d 7
jZ i o3 "j‘dn) My39y3 2

Y. = observed gamma-ray detector full-energy peak counts,

C.y = a constant correction factor,

D = distance from the center of the sample to the gamma-~

ray detector,

N. = number of atoms in the sample (iron in the present

work).
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VS = volume of the sample,

g = a constant geometrical factor

(QDETEDET) = effective efficiency of the gamma-ray detector

for the gamma-rays under consideration,

CSN = correction dependent upon neutron energy,

CSP = correction dependent upon proton energy,

CSS = correction for neutron multiple scattering in the
sample,

F = neutron fluence (see discussion above),

dnj = distance from neutron source to the jth element of
the sample,

_ -z .8,
nnj = neutron absorption factor (nn,= e nTn
ZnT = npeutron macroscopic total cross section,
Gn = neutron path length in the sample,
vj = a variable geometrical factor,

microscopic gamma-ray production differential cross

a————
0.
51§
et

| -

section for the process under consideration,

an = gamma-ray absorption factor (nY = e-zdey),
ZYT = gamma-ray macroscopic total cross section,
GY = gamma-ray path length in the sample,
de = distance from jth element of the sample to the gamma-

ray detector.

The expression on the right-hand side of Eq. (1) can be com-
puted directly since all the quantities in it, including the fission
cross sections for the monitor, are presumed to be known.

The right-hand side of Eq. (2) contains the differential cross

da
section, (5%‘, which 18 presumed to be unknown and actually is the

-11-



quantity sought from the measurements. Furthermore, values of
this differential cross section at various energies and angles
are needed for the computation, Clearly, an approximation is re-
quired in order to proceed with the analysis.

The procedure used in the present work is given below.
Define

<En> = average first-group neutron energy,

<eny> = average scattering angle for the measurement,

{g%} approxX  _ an approximation to the true gamma-ray pro-

duction differential Cross section.
In the present work, (g%aapprox was derived from the ENDF/B-1IV
file for natural iron [15].

Let
_ -2 do| approx -2
aiT 103 " “enCspCssT dny v (m "yidy;
(3)
then . ng
E .
g § n aiT 13
<E > = T (4)
n n,, n ’
T 'S
g ! JiTlJ
rJ
Bt Pg
0
g § ny éiT 1
<0 > = T . (5)
ny n, ng
]ZL Z 411" 1j
T
If
< (g% > = true gamma-ray production differential cross

section corresponding to energy <En> and

<0 >
scattering angle OnY s
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< (%%- approX, . approximate gamma production differential
cross section for energy <En> and scatter-

ing angle <On >,

v
and
,, do) approx
= 4 / <|55] PR, (6)
1, 1, 3 1, 153 an
then
Y. N C 02 8 o e y < (&) > 7
S su y Vg ® TDET DET aQ
I
101,34 ¢
i, i 3 T G
It 1s clear from Egqs. (2)-(7) that the approximation involves
the use of the approximate cross section P%% approx ., represent

the true cross section (%%) in the computation of the cross

section ratio EY ’

- {8 18) (@ m )
(8)
This proves to be a reasonable approximation since the ratio EY
is found to be rather insensitive to the details of the differ-
ential cross section when smooth cross sections or energy-averaged

cross sections are involved.

Let
o _2 4 .
& | . =C C. Fd, T (§ N.,0o) s (9)
ip i 1p FN FP FiF FiF 7 UL FL
then Eq. (1) can be written as
n,n.n
) ZCFH T G F g
T AN Ry g nzt JZL ipdg dg o (10)
T G F

Then, from Eqs. (7) and (10)

-13-
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v {n RF; Z Z Z é;?., .
(gg. v _§) e e T e
< > n . (11)
dQ Y n. n, n
F , N T "¢ U
Conly iﬂg Qpr€rpr) 2 g JZ ‘? ..
It ¢ Ticd

Eq. (11) relates the gamma-ray production differential cross
section <(§%)> for energy <En> and angle <@ny> to the measured
detector counts YS and YF.

Neutron absorption and scattering cross sections required
for the analysis were obtained from the ENDF/B-IV file for iron
[15]. These cross sections were smoothed to a resolution con-
sistent with the present experiment. Photon absorption cross
sections were obtained from an evaluation by Storm and Israel
[16].

The differential gamma-ray production cross section can be

expressed by the formula

doy o
('&'ﬁ =% [ 1+upP,(cos 6) + w?P,(cos ©)] (12)

where 0 is the integrated cross section. This formula applies
for both the 0.847- and 1.408-MeV gamma rays since each corre-
sponds to an E2 transition between a 2+ excited state and a 0+
ground state. Also, gamma-ray production is symmetric around 90
degrees,

Angular distribution data were fitted by least squares with
this Legendre polynomial expansion and w coefficients were deduced
from the analysis. These w coefficients, and measured differen-
tial cross sections, were used to calculate integrated cross sec-
tion values. This procedure proved worthwhile only for the 0.847~
MeV gamma-ray data since the uncertainties in thekangular distri-
bution data for the 1.408-MeV gamma ray were large. The inte-
grated cross sections for production of the 1.408-MeV gamma ray
are approximated by 47 times the 55-degree differential cross

sections in the present work.

~14-



IV. CORRECTIONS

Several corrections to the experimental data are combined
into the factors CFH’ CFN’ CFP’ CSH’ CSP and CSS which appear
in the formulas of Section III. Some corrections were computed
while others were measured. Several other effects were investi-
gated and found to be insignificant.

The scintillation detector and integrator were used as moni-
tors only for relative measurements; uncorrected monitor counts
were found to be adequate for these applications. The fission
detector was used in absolute cross section measurements, and
several corrections were applied to the observed fission counts.

Two effects led to a reduction of counts in the fission de-
tector. One was the loss of fission fragments emitted near 90
degrees, because of the finite thickness of the uranium deposit;
the second was the rejection of low-energy fragment pulses, along
with unwanted alpha-particle pulses, by a discriminator. The
combined correction was v 3.8% for all energies and was included
in the factor Cpy [12]. '

Room-return neutrons produced a random background of Vv 2% in
the fission detector TOF spectrum. This background was automati-
cally rejected since only the counts under the TOF peaks produced
by prompt neutrons were considered in the data processing.

Neutron scattering by components of the fission detector
necessitated a neutron-energy dependent correction to the observed
fissions. This correction was calculated and it was found that
"In" scattering exceeded "Out" scattering. The net correction was
only v 1-2% owing to the low-mass construction of the fission de-
tector used in this work. The backscattering of neutrons from the
sample produced a correction of < 1% for the 337.5-gram iron
sample. Since this correction was too small to be measured reli-
ably, it was calculated. These two neutron-energy dependent cor-—
rections were included in the factor CFN' There were no signifi-
cant proton-energy dependent corrections, so CFP was assumed to be
unity in all computations.

The presence of the fission detector between the neutron

source and the sample affected the neutron fluence at the sample.

-15-
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correction for this effect was dependent upon neutron energy,
and it was found that "Out" scattering dominated '"'In" scatter-
ing thereby producing a net reduction of neutron fluence. The

correction was ™ 1-1.5% and it appears in C It was also

SN*
calculated.

Neutrons incident upon the fission detector produced
gamma rays from Fe(n,n'y) reactions with the detector walls. A
correction for this effect was measured by using samples of
vanadium and nickel in place of the large iron sample. The
correction amounted to about 10% well above threshold. The prob-
lem did not arise in measurements with the small sample because
small sample cross sections were measured relative to large sam-
pPle cross sections using the secondary monitors. The fission
detector was removed during these ratio measurements and no back-
ground Fe(n,n'y) lines were observed under these conditions.

Corrections for multiple scattering were computed using code
GAMSCT described in Ref. 10 and in Appendix A of the present re-
port. This correction appears in CSS and amounted. to about 10-20%
for the small sample and 20-40% for the large sample at energies
well above threshold.

Several corrections which were investigated produced negli-

glble effects on the final results. These were:

i) neutron scattering by the target backing (< 0.1%),
1i) neutron scattering by the gamma-detector shield
(< 0.5%),
iii) finite beam spot (< 0.1%),
iv) air scattering (< 0.27%),
v) coherent scattering of gamma rays by the sample
(v 0.17),
vi) neutrons from tantalum target backing (no effects ob-
served),
vii) neutron scattering by fission chamber support structure
(< 0.2%).

-16-



viii) gamma rays from iron used in gamma-ray detector shield
(no effects observed).

The small sample cross sections were found to be systemat-
ically larger than the corresponding large sample cross sections
by a factor of ™~ 6%. This difference was attributed to a
systematic error in computation of the neutron and gamma-ray
transmission factors. These factors were computed utilizing pub-
1ished cross sections [15,16] which are subject to uncertainty.
It is also possible that fluctuation effects in the neutron total
cross section could produce a noticeable systematic error in com-
putation of energy-averaged neutron transmission factors for the
large sample [17]. Since the transmission factors for the small
sample are much closer to unity than for the large sample, the
effect of these uncertainties on the measured small sample cross
sections is probably not significant within the accuracy of the
present experiment. It is believed that the small sample cross
sections more nearly resemble the microscopic cross sectioms.
Therefore, all the large sample cross sections were renormalized

upward by 6% for consistency in this experiment.

V. ERROR ANALYSIS

The calculations described in the present report and in Ref.
10 were performed with a digital computer. Therefore, it was
relatively simple to test the sensitivity of the computed quanti-
ties to all the parameters used in the calculations. Estimates
were made of the uncertainties in these parameters and the effect
of these uncertainties on the final results were determined for
the large sample measurements. The results are summarized in
Table I. The overall uncertainties are root-mean-square compo-
sites of partial errors listed in this table.

The total error is * 11% for the ratio of the 0.847-MeV
gamma-ray production differential cross section to the effective
fission cross section for the uranium deposit, and * 147 for the
corresponding error for the 1.408-MeV gamma ray. The cross

2
section for 35U fission, the dominant process in the present

-17-



Measured ratios, an overall root-mean-square error of *+ 127 is

tion of the 0.847-Mev gamma ray. The corresponding error for
the 1.408-Mev gamma ray is *+ ]15%,

VI. RESULTS AND DISCUSSION

The data obtained for the 0.847-Mev gamma ray are more ex-
tensive than for the 1.408-MeV gamma ray; the former will be dis-
cussed first. A1}l the iron cross Sections appearing in the Pres-

ent report are elemental rather than isotopic.

0.847-MeV Ganma Ray

' The measured Cross section ratios and the resultant gamma-ray
pProduction differential Cross sections, computed using ENDF/B~-IV
[15] fission Cross sections, are pPresented in Table II. In ac-
cordance with the discussion 1in Section V, the overall error for
the cross section ratios is + 11% and for the computed differen-
tial cross sections it is + 12%. Fig. 1 is a plot of 4T times the
Mmeasured differential Cross sections near 55 degrees. Also shown
is the corresponding ENDF/B-IV [15] evaluation of the inelastic
Scattering crosg section for the first-excited state in 56Fe. The
evaluated data were smoothed to 50 keV resolution before plotting
as indicated ip Fig. 2. The evaluated curve agrees well with the
results from the Present work. _

The meaéured angular distributiong are expressed in the
dimensionlesgs form [W(O)/W(90°)] in Table III and Fig. 3. The
érrors of + 5% represent only the uncertainty in determination of
the gammg ray counts. The measured angular distributions can be
fitted quite nicely by Legendre polynomial expansions containing

only even-order terms (symmetric about 90 degrees). The need for

-18~



a P4 term 1s evident from the shape of the distributions at for-
ward and backward angles. The w coefficients derived from the
fitting procedure are presented in Table IV. The assigned errors
are standard deviations computed as by products of the fitting
procedure. An attempt was made to fit the angular distributions
without a P4 term. These fits were generally poor and yielded
relatively large standard deviations. The derived values for W,
are negative at most energies. This leads to integrated cross
sections which are generally smaller than 47 times the differ-
ential cross sections at 55 degrees.

The differential cross section and angular distribution data
from Tables II-IV were used, in conjunction with Eq. (12), to
compute integrated cross sections. Table IV was interpolated
linearly to obtain values of w, and w, for intermediate energies.
Ratios of the resultant integrated cross sections to 47 times the
differential cross sections at 55 degrees were also computed using
the same formula and data. These derived quantities are presented
in Table V, and the integrated cross sections are plotted in Fig.
4 along with the smoothed ENDF/B-IV [15] evaluation.

It is clear from Table V that 4 times the 55-degree differ-
ential cross section is not a particularly good approximation to
the integrated cross section in this threshold region. Below 1
MeV, the P4 term contributes 10% or more to the integrated cross
section. The integrated cross sections derived from data measured
near 55 degrees and 90 degrees are in reasonable agreement (see
Fig. 4). Thesé two data sets were measured during separate periods
almost a year apart.

Integrated gamma-ray production cross sections for the 0.847-
MeV gamma ray, derived from the present work, are lower than the
values from the ENDF/B-1V [15] evaluation owing to angular distri-
bution effects. This is understandable since the ENDF/B-1V [15]
evaluation appears to be based upon high resolution data acquired

from a white-source experiment in which measurements were performed

at a P2 node. The disagreement cannot he considered a discrepancy
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because, in fact, two different quantities are being compared.

A detailed review of the extensive literature [2] on this
subject is beyond the scope of the present work. Some of the
reported data are available from the CSISRS file at the National
Neutron Cross Section Center [7] and were therefore readily
obtained for comparison with results from the present work. The
contents of this file are summarized in Fig. 5. The smoothed
ENDF/B-IV evaluation is also shown. Adjustments were made to
several of the data sets from the CSISRS file [7], prior to in-
clusion in the plot, so that comparison with the present results
would be more meaningful. Isotopic cross sections were converted
to elemental values. High-resolution results were averaged to v
50 keV resolution. When integrated cross sections were not re-
ported, 47 times the 55-degree differential cross sections were
plotted (for both inelastic neutron and gamma-ray data). No
distinction was made between (n,n') and (n,n'y) data since the
integrated cross sections should be nearly identical at these low
energies. Credits to the authors appear in the legend of Fig. 5.
The reader can refer to the CSISRS file [7] for references and
additional experimental details.

There are significant differences in the data sets plotted
in Fig. 5. The ENDF/B-IV [15] evaluation is based on recent high
resolution data. The results of the present experiment tend to
confirm this evaluation insofar as 55-degree data is concerned.
The ENDF/B-IV [15] evaluation overestimates the integrated cross
section because it is based upon data which does not take de-
tailed angular distribution effects into consideration. While
there are several data sets in Fig. 5 which agree with the re-
sults of the present work, as presented in Fig. 4, many of these
are based on single-angle measurements so that comparison is not
very meaningful.

Smith [17] recently conducted a neutron scattering experi-
ment at Argonne National Laboratory in which the inelastic scat-

tering (Q= -0.847 MeV) cross section for iron was measured in the
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range 1.6-2.0 MeV. Since angular distributions were obtained,
the results of these measurements can be readily compared with
the present work. Values of the integrated cross gsection ob-
tained by Smith [17] are plotted in Fig. 4. The agreement with

the present results is satisfactory.

The measured cross section ratios near 55 degrees, and the
resultant gamma-ray production differential cross sections com-
puted using ENDF/B-IV [15] fission cross sections, are presented
in Table VI. Since no angular distribution data were obtained
for this gamma ray, the integrated cross sections have been ap-
proximated by 41 times the measured differential cross sections.
These integrated cross sections are l1isted in Table VI and are
plotted in Fig. 6 along with the ENDF/B-IV [15] evaluation for
this reaction. As discussed in Section V, the overall error for
the ratios is * 14%Z and for the cross sections is * 15%.

The data available from the literature for comparison with
the present results is 1imited. The contents of the CSISRS file
[7] from the National Neutron Cross Section Center have been
plotted in Fig. 7. These data were adjusted, where necessary, as
discussed above for the 0.847-MeV gamma ray. The available ex-
perimental data do not define the cross section well since large
differences exist in the reported values. The ENDF/B-IV [15]
evaluation appears to be the result of a model calculation.

This evaluation is in fair agreement with the results from the
present experiment. The evaluation neglects fluctuations seen

in the experimental results, and the evaluated cross sections ap-
pear too large in the range 1.6-1.8 MeV. The existence of fluc-
tuations in the excitation function is not surprising in view of
the fact that the nuclei 54Fe and 56Fe differ by only two neutrons

and should be structurally similar.
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APPENDIX A

MODIFICATIONS TO NEUTRON MULTIPLE
SCATTERING CORRECTION CODE "GAMSCT"

The computer code GAMSCT, which is used for computation of
corrections for neutron multiple scattering in solid-cylinder
samples, has been modified. One modification allows computa-
tions to be made using a finite resolution for the neutron-pro-
ducing reaction. Another modification corrects an error in the
procedure used for coordinate transformations. This error ap-
pears to have little effect on the computed results.

The original version of GAMSCT (Ref. 10) assumed that a
monoenergetic beam of particles with energy Et impinges upon an
infinitesimaly thin target to produce neutrons whose energiles
are essentially monoenergetic except for kinematic broadening.
In reality, E varies within a range (Et,min’ Et,max) because
of unavoidable spread due to beam-energy resolution and target
thickness effects. The modified version of GAMSCT selects Et

at random in this range according to the formula

E =E + R(Et’m ) (13)

- E
t t,min ax t,min

where R is a random number from the interval (0,1). Any value
of Et in the range (Et,min’ Et,max) is assumed to be equally
probable which implies a "square" resolution function. This
assumption is an approximation which appears adequate for most
applications. The effects of resolution are found to be rela-
tively unimportant except near the reaction threshold.

Eqs. (64)-(65) from Ref.1l0 have been found to be in error
as they neglect the effects of coordinate-system rotations
which must be considered following the scattering of neutrons.
The problem is most easily formulated in terms of direction
cosines. The method is described in Chapter VII of Ref.18 and
will not be reproduced in this report. The consequences of
this error are minimal. The modified version of GAMSCT cor-

rects this error.
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A listing of the modified version of GAMSCT follows. The
dimensions of several arrays have been enlarged because the
memory capacity of the computer used for these calculations was
increased by the addition of a memory module after Ref. 10 was

issued.
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GAMSCT=D¢L o SM]ITH=SEL 840MP

DIMENS 16N ENtcssu;.sxuurisso).Esptssow.sxscptsso).Nuehce).Euspts.s
10),wgP(6.30).QNS(Q).AZNS(o)-NNS(b)oENS(60350)uSlGNS(60350)oMNNS(6)
ZaNHNS(bu10)oENNS&bolO.SO)oNN$(6o10130)nDSIGNS(6)oNT(10)nYLD(5):YLD

dSUM(&).PSI(b)cINUtX(4).JND&X(p)uNHIT(B)oNLEV(6):A(350)p9(350)oNORK

n e

Ly

2
el

22

P

c4
29

)

e/
<8

M
31

4(350)
DATA P1/3,14159/

VALUE(V.VMIN;VMAX)=VM1N¢V0(VMAX-VM1N)
SEPAH(XlnYl.leXZ,Y2o22)=SQRT((Xl-XZ).(Xl-XZ)¢(Y1-Y2)¢(Y1-Y2)0(11'
122)%(£1-22))

CONT L

TRACE 813

READ(4,2) 1C
FARMAT(I1)
GU.TW(10020050.5U)OIC
PAUSE

G v 1

READ INTERPBLATIuN TABLES

READ(4,21) MNT

FARMAT(161>)

READ(4,22) (ENT(L).SIGNT(I)ol:laMNT)
FORMAT(8E10,4)

READ(4,21) MGF

READ(4,22) (tGP(I)oSIGGP(I)oI=1nMGP)
READ(4,21) MWGP

IF(MWGP) 23925023

L2 24 1=z1.MRGP

READ(4,21) NaGPCI)

M=NWGP(])

READ(4,22) (EwGP(I'J).WGP(IpJ)oJ=1’M)
READ(4,21) MNS

L@ 28 l=1,MNS

READ(4,22) OnSCE),A2NS(D)

READ(4,21) NNSCID)

MaNNS(])

READ(4,22) (ENS(I.J)oSIGNS(IoJ)oJ:loM)
READ(4,21) MANS(])

IF (CMWNS (1)) 26928026

LEaMWNST)

D 27 J=1,L

READ(4,21) NWINS (] d)

MzNWNS (] »J)

READ(4,22) (EWNS(loJoK)nNNS(IoJOK)0K=1tM)
CONT INUE '

READ AND WRITE BASI1C PARAMETEKS

READ(4,31) NSCATnNHIST
FORMAT(I1,16)

READ(4,22) RS, M DNO, DGO
READ(4,22) EG,SIuLT,ENTHG
READ(4,22) ALT»AZTQAT
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OO

OO

Q@O aOaagoac

READ(4,32) ETAV,LET ) nwwT

$2 FPRMAT(2ELUL,4,15)
TF(NWT) $4,84,3¢

S8 KEAD(4,22) (wTCL),151,NWT)

39 WRITE(D,385) nECATHAR]ST

S FORMAT(IHLZ11IRNSCAT,wHIST/IZH]106)
WRITE(S, 36) RS,M,UNO, VGO

36 FEORMAT(1ZHRSsH2LDwU2LGU/74ELL,4)
WRITE(5,37) EGrS1GET,ENTHG

S/ FORMAT(14HEG,SIGGT,ENTHG/3E10,4)
WRITE(S»38) ALlT»A2T3QT

$8 FORMAT(10HALT,A2T,0T/3E10.4)
WRITE(E,39) eTAV,UET,NWT

39 FORMAT(12HETAVLETNWT/2E1C,4,15)
IF(NW1) 40,42,40

40 WRITE(E,41)

41 FORMAT(EHAT(]D)
WRITE(S,22) (wTCI) 181 ,NWT)

42 WRITE(S,45)

45 FORMAT (/SR )

READ AMNL AKJTE SCATTERING ANGLE, CBMVERY T@ RADIANS

50 READ(4,22) THTANK
WRITE(E)51) THTARK

51 FORMAT(/74THTaNKk=,E10,4)
THDET=Fl&#ThTANK/160,0

PRELIMINARY CALCULATIBNS

LF(DET) 53,5%,5%2
52 ETMINzETAV=0,5DET
ETMAXSETAVO ,DelET
59 CONTINLE '
RSROzRGe RO
HH=H®*
HDZ‘Un&’H
RiMINsLpnU=RS )
RIMAXES R T(DNO®LNU+2,0#DNUSKS+2,0#RSRS+0,254HH)
THIMAXE ATAN(SQRT (U, 254HH+RSRS)/R1IMIN)
VOL1z2,LeP[# (RIMAX-RIMIN)#THLIMNAX
RMAX=SCRT(HH*B8+L*RSKRS)
VOLH=z2,0eP]ep]leRMAX
YDEDGUe S INCTHDEY)
ZD3DN0¢LaUeCus(THDET)
Dy 60 Jel,NSCaAT
NHIT(L)z0
60 Y_DSum(])s=
D@ 061 =1,
6l NLEV(])=0
[H]ST=1

0,0
MN'S

'tl.!START (f HISTﬂRY LR
CALCULATE INCIDENT ENERGY. ETSETAV IF DET‘O. IF DEY.GT,O0,
DEDUCE ET BY RANDeM SELECTIUN IN RANGE DET CENTYERED ABBUY
ETAV

100 CONTInNLE
IF(DET) 1ul,iuld,icd
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jul
e

193

1y9

1oU
121

‘192

Cd T ey

100

170

cul

]
<) e

ETSETAV

Go 1< 103

R2RANF(el)
ET’VALUE(RaETMlN.ETHAx)
CONTINLE

DU 104 1z1aNSCAT
JNDEX (1139

SELECT SCATTERING PRINT S(1)

Rz RANF (=1)
RREVALUF (Ry Rt i, RIMAX)
RaRANF (»1)
THaVALUE (Ry 0, Us THIMAX)
HzRANF (=1)
PHISVALUE(R,=P 1 P1)
SINTHESIN(TH)
USSINTH#CASI(PHI)
VESINTHeSIN(PHL)
W=CHBS(TH)

KSRR*Y

YzRRaV

2= RR#W :
IF(X+nb2a) 700,700,150
IF(KkenD2) 154,700,700
ZMDNO=2£=DNO
TEST=YaY+2MDNO#AMUND
IF(TEST=RSRYS) 192,709,700
JNDEX(1)31
NHITCLISNNIT(10*1

CALL ANGLE(XOY'iaU'UoO'OaU!UnOoOlJtUaDNOOOuOJO-OnOnOnTHT)

CALCULATE NEUTR@W ENERGY AND FLUX AT POINT S(1)

CaLl «1NAM(AlT.A2T,1.0087.QT,ET,THT.EN.EDUM)

IF (EN"ENTHG) 700,700,160

CALL DLISTRUWT yTHT,FT,nNWT,10)
DELTN=D&LTA(OlU'UlOODNU’OOOIDODIUOODXDYOZ’RSDl)
CALL INTRPL(MNT,eiTsSIGNT,ENsVSNT)

ETANSEXF (=VSNT#DELTN)

FLUXBFTHETAN®SIN(THI®VILL

CALCULATE GAMMA PRBDUCTION FRdM PBINT S(1)

DG3SEPAR(XYs22040sYD,2D)

CALL 1NTRPL(MGP:EuPpSIGGPoEN:VSGP)

[FI{MaGP) 170,170,200

DSIGaPaVSGP/4,u/P1

30 T2 2038

Ngd 202 1l31,MwaP

MaNWGPL 1)

00 201 U=1.M

ACJYSEWGP( L J)

BCI)sWEP (1 sd) )

CaLlL [NTRPLUI, Asi3, ENSWBRK(DD)

CALL ANJLE(U.UnYJ.onXnY;i-AnYofaUnOoOcOtUoOoTHNG)
CaLL DISTR(WOR“ITV“NSISGIMW‘SPDlU)
D31GGP3VSaP#su/4.u/P]
DELTG=;3ELTA(Un'~)'UnUvUNOlUooaYLJliD;anplesvl)
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ETAG=zEXr (=STaGl*elT3)
YLDG=FLuaeDSTuGPeeTAG/UG/ DG

JPDATE YLDSUM(L)

QOO

YLDSUM(1)=YLUSUM(1) +YLDG

CHECK ¥ MULTIPLE SCATTERING CALCULATIBNS ARE REQUESTED,
INITIALIZE PARAMETERS [F REQUIRED

aaaa

[F(NsCAT=l) 240,700,240
24y ISCaAT=2
XSAV1=0,)
YSAV1=(0,0
2SAVi=).0
USAY=sU
VSAVzY
WSAVzW
XSAVz2ax
YSAYZ2sY
ZSAV2z#
DB 250 1=2+NSCAT
Jalel
250 INDEX(J)=s0

CXXxX START ¢F MULTIPLE SCATTERING L 02P
¢ , !

c SELECT SCATTERING POINT S(ISCAT)
C

300 RsRANF (=1)
RRaVALYE(R,0,0,RMAX)
RERANF (=1)
THeVALUE(R,0,0,P])
R2RANF {=1)
PHIEVA UE(Rr=PTaPI])
CALL TRANSF(USAV,VSAV,WSAV,TH,PH],U,V, W)
XEXSAV2Y*RR#U
YsYSAV2+RR*Y
ERZSAV2+RReNW
IF(Xx+¢HD2) 700,760,350
350 IF(X=tp2) 351,700,700
351 EZMDNO=zZ2=0NO
TEST=YuY+ZMDONO#ZADNY
IF(TEST~RSRS) 352,700,700
322 JUNDEX(|SCAT?=1
NHITCISCAT) =NHITCOISCATY +1
CALL ANGLE(X,Y,Z,XSAV2,YSAV2,2S5AV2,XSAV2,YSAV2,ZSAVZ, XSAV1,YSAV1,#
1SAV1 THSCT)

C SebecT yeUTRON SCATTERING PRACESS FaR PzINT S(ISCAT-l)'

9@ 407 (=1)MNS
EBs= NS (])®(1sU*(1,0087/(A2NS(])=1,0087))=(0,54QNS(I)/(ANS(]1)=1,0
1087)/981,478))
IF(ENn=Ew) 400,400,403
490 DsignNsi1ial,0
GO Tw 407
401 MaNNS(])
D@ 402 Jsl .M
A(J)SENS(1,J)
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2 C1 4

o OGO

402

4y

at)d

GuJu9

4u06

4u7

4yd

409

41V

911

412
419

414

>ul

9 Ul

AU

oul

5yl
ouUe

B(J)=SIGNS(I»d)

ALl IN?RPL(M.A.B.EN.VSSCT
IF(MWNS 1)) 438,403,404
DSIGNS(I)!VSSCT/4.U/91

GO Tv 407

M2MWNS(T)

DO 405 Jszl.M

LENWNS L d)

D3 4uv Kel,l
A(K)zhﬂNS(IJJoK)
BIKI=WNS(1rJdoK)

cALlL 1NTRPL(L.A.d.tN.NORK(
caLl UISTH(N@RK.THSCT'SSCT
DSIGNS(I>=VSSCT~SSCT/4.0/P
SAnTINYE

SUMSCT=0.,0

nd 43¢ [s1,MNS
SUMSCT=SUMSCT+DSIGNS (1)
[F(SUMSCT) 4u9,70u,4u9
PS1¢1)=0.0

KIMNS+1

P31(h)=1.0

1F CIANS=L) 410,41u,411
INDX=z1 .

Gy Tv 414

SUMPS1=04V

DO 413 1324MNS

Jsl=1
SUMPSI=SUMPSI+DSLQNS(J)
PSI(!):SUMPSI/SUMSCT
IF(PSI(])=1.0) 415,413,412
Psl(ly=1.0
CONT INUE
RaRANF(w1)
CALL FXNDI(PSIo“.b:R.INDX)
NLEV(INDX)=NLEV(INDX)+1

CALCULATE NEUTRYN ENERGY A

ENSAVSEN

CALL KINAM(1.0067,A2NS(IND
1F (EN=ENTHG) 700,700,501
CALL INTRPL (MNT,ENT,STGNT,
ETAN=EKF(-VSNT“RR)
FLUX:FLUX*SUMSCTOETAN»SIN(
CALCULATE GAMMA PrRODUCTION

DG=SEPAH(X-Y.ZpU.O,YD.ZD)
call INTRPL(MGPaEGP.SIGGP,
IF(MwiP) 502,502,500
DSIGGP:VSGP/4.U/PI

63 T ol3

Dd 6J¢ I=1.Mqu

MaNWuP (1)

D@ 6ul JELeM
ACY)sELGP (T2 d)
B(J)zwhGi-(1sJ)

CALL lNTHPL(M.A-n.EN.WWRK(
CALL_ANGLEfD.u.Yu.éu.X.Y.Z

)

J))
'My10)
1

ND FLUX AT PBINT SCISCAT)

X).1.0087.QNS(INDX).ENSAV.THSCT.EN.EDUM)

EN,VSNT)
TH)Y#VBLH
FR2M P2INT S(ISCAT)

ENyVSGP)

1)
|XpY'EOXSAV20
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603

l9Xe B ¥

aaOarG

610

CALL JISTH(WQRKoTHNGaSG'MHGPriu)
DSIGIP=YSGP#5G/440/P]
DELTQ=UELTA(U.U;U.O:DNU.O.U.YD;éU:X.Y;ZJRSpi)
ETAGz e XF(=SIuGT#DELTG)
YLUU:FLUX“DSlGGP“&TAG/DG/DG

UPDATE YLOUSUMCISCAT) AND FIX INDEX(]ISCAT=1)

YLQSUM(IbCAT)=YLDSUM(ISCAT)*YLDG
J=lISCaTe=]
INDEXCJ) = INDX

TEST FpoR END OF MULTIPLE SCATTERING LO@P, RESET PARAMETERS F@R
NEXT CYCLE IF REQUIRED

ISCAT=1SCAT+1
[FCISCAT=NSCAT) 61096100700
XSAV1i=XSAVZ

CYSAVL3YSAVZ

aoOcaaoQo

700
701

7u2
7ud

U4

702

/07
708

Qo oaan

80
BUL

2SAVixZSAVZ
USAVaU
VSAY=YV
W3AVzW
XSAV2&X
YSAVZ®Y
2SAV2e?

Gp T2 300

END pF MULTIPLE SCATTERING LoUVP

UPDATE RISTORIES AVERAGE, INTERMEDIATE 2UTPUT IF SS1 UP» TEST
FAR C2NPLETION WF REJUESTED NUMBER 2F HISTORIES @R §S2 UP AND
PRPCEED T& BUTPUT BR CONTINVE WITH HISTORY ACCORDING To PUTCEME

D@ 701 1=1,NSCAT

YLOC ) =YLDSUMC L) /FLBAT(IHIST)
CALL SSWTCH(1,K1)

[F{K1e2) 702,706,702
WRITE(5,708) IHIST

FORMAT(517)

WRITE(5,703) (JNDEXCJ) »Jz1,NSCAT)
IF(NSCAT=1) 704,705,704
[sNSCAT=1

WRITE(5,703) (INDEXCJ)I»J=L0])
WRITE(5,708) (NLEV(J)»J=1,MNS)
WRITE(S5,703) (NHIT(J),J=1,NSCAT)
WRITE(5,22) (YLDCI)»I=1sNSCAT)

© CALL SSWTCH(2,K2)

[F(K2=1) 707,800,707
IFCIHIST=WRIST) 708,300,800
JHISTEIHIST+1

32 T 100

END oF HISTORY LouP

FINAL BUTPUT=]F NSCAT,GT.1 RENBRMALIZE YLD(I) S2 YLD(1)=1 AND
COMPUTE ALFA :

WRITE(®,301) IHIST
FORMAT(10H4HISTURIESE,[B)
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acCc GaOaaa

pié
2vd

004
guD

a2ub

du/

[a) U 8

suY

ol

811l

0l?

¥1d

[F(NSCAT=1) B804,08044302
WRITE(S5,803)

FIRMATCZHNLEV(L))

WRITE(S,703) (NLEV(D),1s1,MNS)
ARITE(S,805)

FORMATCTHNHITCD))

WRAITE(5,703) (NH]TCL),121,NSCAT)
WRITE(R,3006) :
FARMAT(OHYLDCTD))

WRITE(S,22) CYLD(I), Is1,N3CAT)
[F(NSCAT=1) du7.,0812,897
FYLD=YLD(1)

D3 808 [a1,NSCAT
YLDC(DYsYLDCRI/ZFYLD

ALFA=20,0

D@ 809 [322NOCAT
ALFAzALFA+YLUCT)

WRITE(S,810)
FORMAT(17HNORMALIZED YLD(IN)
WRITE(5,22) (YLD(1),181,NSCAT)
WRITE(S,811) ALFA
FORMAT(SHALFAs/ELU4)

CONTINVE

IF(K2e1) 1,813,121

PAUSE

G8 T2 1

END

FUNCTI®@N DELTA(XUsYO0,20rx1sY2223,X20Y2,229RS, [NDEX)

FUNCTIPN T@ DETERMINE PENETRATION DEPTH FOR R,C, CYLINDER,
INDExs1,2 BR 3 IMPLIES CYLINDER AXIS PARALLEL T2 X,Y-0R ZeAX]S
RESPECTIVELY, (XGsY0,20) IS CYLINDER CENTER, (X1,Y1,21) IS
EXTERIOR PIINT+ (X2,Y2,22) 1S INTERI@R PBINT, RSCYLINDER
RADIUS

R=SORT((x2-X1)°(X2'X1)*(YZ'YI)'(Y2-Y1)*(22-21)'(22'21))
Az(x2=X1) /R ‘
33(Y2=Y1)/R
C2(Azwzl)/R

Gg Tﬂ(l-Z,é):lNuEx
YOW2YD

20WS 2D

YiW=Y1

2lWsil

BW=0B

CWsC

a3 TY 4

YOWméid

20 Wa xd

YiWszZ1

Z1W3 X1

IWS

CW=A

G Tu 4

YOW3I XY

20WxYU

YiWa X1

2iwzYi

dW3A
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4

F
R AV -:>

<0

21
<

& G

CWals
sz(Buotwow-le)ona(éOA-zlw)-SQRT(ABS((Bwusw'cwncw)ORSORS-(Cwu(Yiw
;'YON)-BW'(Zlh-ZUN))n(Cwo(Ylw-YUN)-BN'(le-ZOw)))))/(BH’BHtCNGCN)
DELTAzR=-5S

RETURN

END :

SUBRyUTINE KINAM(AlpAzlAS)OlEllTHéiEdllesz,

W1s931,4706#A1
W22931,478%A2

W32931,4780A%

NAZW 1+ W2 W3y

EF='O“(1.0*(w1/w2)-(OoS*Q/NZ)J
EB‘*O#(i.D‘(Nl/(wZ-NJ))~(0.5*Q/(WZ-N3)))

IF(El-EF) 1!102

£E31=:0,0

£32=0,0

GO T2 o

CaCUS(THI)

A32,0%(WS*Waep1+Q)

B=2.U“E1¢(Ni-w4'0)-(2.u'w4~0+aou)

DakEla(bie2,0n1)aceC ‘
TERM:(B#B-Z.O#HéiAOB+4.0»NS'NJiD)#Eli(E1¢2.Diwl)

IFCTERM) 14153

DENzA#A=4,08)]

Us(d,0%W3ulwpAnB)/DEN

V=2,04C2SART(ABS(TERM) ) /DEN

EdlsUey

[IF(E1=EB) 4,4,5

IF(TH3»1.5797963) 41,11,11

ES23 U=y

GB Y@ o

E32:E31

RETURN

END

SUBRUUTINE ANGLE(le,YlH,ZlH,XlT,YlT,EiT,xZH.Y2H,22H,x2T,Y2T,Z2T.T
1H) :
v1=suRT(AaS((x1H-X1T)*(X1H-X1T)*(Y1H-Y1T)i(YlH-YlT)*(ZlH-ZiT)u(ZiH
1=21T7)y))
VZ’SQRT(A&S((XZH-XZT)ﬁ(X2H-X2T)*(Y2H-Y2T)“(YZH'YZT)*(Z2H-Z2T)“(ZZH
1-227)))
DBT:(XlH-XlT)wtsz-X2T)¢(Y1H-YlT)O(YZH-YZT)*(ZlH-ZiT)¢(Z2H-Z2T)
CTHARDIT/V1/V2 :
THEARCCUS(CTH,2)

ReTURN

END

SUBRCUTINE DISTR(H.TH:V:NwoNMAX)

DIMENS 2N W(NMAX)

Val1,0

IFANW,EQ.U) GO TY 4

Dg 2 1=1.NN

IFCw(])) 21,¢9021

VADD=0, 2

Go T¢ 22

VADD=W(I)’PQLYL(201DTH,

VavevaDD

CONT ] ue

IF(v) 3,4,4

V30,9

RETURW
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END -
FUNCTI@N PZLYL(lﬂP.N.ANGLE)
X 3 ANGLE
Y] TJ(10,14042)0 10P
10 X = ,01745829 54
12 NBlG 3 Ne=l ‘
[FINBIG) 12243
1 PoLYL = 1,0
Gg T¥ 1900
2 PALYL 3 X
G T« 100
$ PL X
pLML = 1.9
D@ 4 L31,NBIG ‘ ,
PALYL = (FLOAT(Z# *1)eXePL = FLaAT<L)oPLM1)/FLGAT(L¢1)
PLML = PL
4 PL 3 PILYL
LUl RETURN
END
SUBRIUTINE INTRPLUNIXToYTo X2 Y)
DIMENSIAN XTI(N)SYTIN) .
[FixexT(1)) 10504
WRITE(1,2) .
2 F2RMAT(BHRANG ERR)
PAUSE
$ vYayYT(1)
Gd T 24
4 [F(XaXT(N)) 7451
> Y=YT(N)
GO T 24
/ (39
J =N
8 Ka0,58FL0AT(J=1)+041
KK+l
IF(X=XT(K)) 3,10.,11
9 JzK
G0 Tu 12
10 YaYT(K)
Gg TU 24
11 laK
12 IFtJd=1=1) 13,13.8
19 13J
Jal=1
DENZXT(J)=XT (1)
Cl=(X{(J)¢YT([)-XT(I)&YT(J))/UEN
C2s(y7(JI=YTCI)I/UEN
Y=C1+C24¢X
24 RETURN
ENU
FUNCTI@iN ARCCIL(X,XK)
ARCCYS=L,5707963
[F(ASS(X)GT ,49%9999) X2 ,999999#4/A8S(X)
[F(XaxX,6Ts1sdk=70) Anccms=ATAN(SuRT(AaS(1./X/x-1.)))
[FAX,LTs00) ARCC05335,1415926=4RCCHS
Gd T (10092U4)en
10U ARCCUSSARCCYUS#9/,2927793
200 Rg TURW
END :
FUNCTION EXF(Z)

e
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F N \V)

n

TS O

1F(&) 191,38

IFCZ,LT,=70,0) £3=70,0
[F(Z,6T.=,1k=u4) LD Ty 2
EXFeEXPLE)

Gy T 4 ’

IFC(Z,67,70+0) £270,0
IF(E, LT 1E=04) G0 To 2
eEXF=EXP(2)

Gp Tv 4

EXF=1,0+%

CAONT I NUE

RETURN

END :
SUBROUTINE FINDIC(Y)N/NDIM,2012)
DIMENSION Y(NJIM) '
NMIN=z1

NMAXsN

INTER=20,5oFLOAT (NMAX«NMIN)+0,1
NTEST=NMIN+INTER

IF(2eY(NTEST)) 1023

NMAXeNTEST

Gp T 4

128NTEST

Gg Ty 999

NMINaNTEST

IF (NMAX*NMIN=L1) 2,5+36
1ZENMAX=1 "

RETURN

END

SUBRUBUTINE TRANSF(U,V, Wy TH)PHL)UP, VP, KP)

AsCOS(TH)
BESIN(TH)
CaCPS(PHI)

DaSIn(PH])

- TESTm1 ,0=ABS (W)
IF(TEST, 6T, 2E=U5) Gp TO 1
UPRB®C
yPaBap
WPBAGY
GP T 2
CAONTINUE
FACT2SORT(1e0"W*W)
UP3((5oCewwU=g®DeV)/FACT)+A®U
VP ((gegewWaVepepaU)/FACT)+A®Y
WPawEaCeF ACToA®N
CAONTINUE
RETURN
END
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Table I

Major Sources of Uncertainty in the

Measured Cross Section Ratios

Source of Uncertainty . (%)

1. Determination of detector counts

1) 0.847-MeV gamma ray 5

ii) 1.408-MeV gamma ray 10

2. Geometric effects 3
3. Neutron source characteristics 2
4., Gamma-ray detector efficiency 4
5. Mass of uranium deposit 1
6. Gamma-ray absorption in iron sample 5
7. Neutron absorption in iron sample 5
8. Neutron multiple scattering in iron sample 5

Total uncertaintya

1) 0.847-MeV gamma ray 11

ii) 1.408-MeV gamma ray 14

% Total uncertainty is the root-mean-square composite of the listed

partial uncertainties.
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Table II

Measured Cross Section Ratios and Resultant
Elemental Differential Cross Sections for Production
of the 0.847-MeV Gamma Ray by Neutron Inelastic
Scattering from Iron

<0> = 87.9 Degrees

a do, b
En Resolution [(dO/dQ){gF,235] (ai)

(MeV) MeV) (sr ) (b/sr)
0.887 0.047 (5.66 * 0.62)x 10:3 (6.61 + 0.79)x
0.937 0.047 (7.25 + 0.80)x 10_, (8.61 * 1.03)x
0.990 0.046 (1.36 * 0.15)x 10_, (1.64 * 0.20)x
1.041 0.046 (1.38 + 0.15)x 1075 (1.70 *+ 0.20)x
1.041 0.046 (1.57 + 0.17)x 10_5 (1.93 *+ 0.23)x
1.093 0.045 (2.28 + 0.25)x 10_5 (2.85 + 0.34)x
1.145 0.045 (2.26 + 0.25)x 10_, (2.83 * 0.34)x
1.196 0.045 (1.94 + 0.21)x 10_5 (2.43 + 0.29)x
1.248 " 0.044 (2.30 * 0.25)x 10_, (2.88 *+ 0.35)x
1.300 0. 044 (1.96 + 0.22)x 10 (2.46 £ 0.30)x
<0> = 52,9 Degrees

a do, b

En Resolution [(dG/dQ){gF’235] (Eﬁ

MeV) (MeV) (sr ) (b/sr)
0.879 0.073 (1.31 £ 0.14)x 1072 (1.52 + 0.18)x
0.902 0.072 (9.89 + 1.09)x 10_5 (1.16 * 0.14)x
0.919 0.072 (1.50 + 0.17)x 10_5 (1.77 + 0.21)x
0.969 0.071 (2.07 + 0.23)x 10_5 (2.49 * 0.30)x
1.014 0.070 (2.78 + 0.31)x 10 > (3.39 * 0.41)x
1.014 0.070 (2.58 * 0.28)x 10'2 (3.14 * 0.38)x
1.066 0.070 (2.77 + 0.30)x 10'2 (3.44 * 0.41)x
1.102 0.069 (2.94 + 0.32)x 10:2 (3.68 * 0.44)x
1.116 0.069 (3.24 *+ 0.36)x 10 > (4.05 * 0.49)x
1.167 0.068 (3.43 + 0.38)x 10'2 (4.30 + 0.52)x
1.218 0.068 (2.81 + 0.31)x 10‘2 (3.52 + 0.42)x
1.260 0.067 (2.34 *+ 0.26)x 10‘2 (2.93 * 0.35)x
1.303 0.066 (2.57 *+ 0.28)x 10“2 (3.22 + 0.39)x
1.312 0.067 (2.40 *+ 0.26)x 10:2 (3.01 * 0.36)x
1.364 0.066 (3.61 * 0.40)x 10 > (4.53 * 0.54)x
1.416 0.066 (3.90 + 0.43)x 10‘2 (4.90 + 0.59)x
1.467 0.065 (4.11 = 0.45)x 107, (5.18 + 0.62)x
1.502 0.064 (4.43 + 0.49)x 1075 (5.58 + 0.67)x
1.519 0.065 (4.83 *+ 0.53)x 107, (6.08 * 0.73)x
1.519 0.064 (4.80 * 0.53)x 10_5 (6.05 * 0.73)x
1.569 0.065 (4.58 * 0.50)x 1075 (5.77 + 0.69)x
1.621 0.064 (4.84 * 0.53)x 10_) (6.11 + 0.73)x
1.663 0.064 (4.89 + 0.54)x 10 ) (6.18 *+ 0.74)x
1.714 0.064 (3.79 + 0.42)x 10~ (4.79 + 0.57)x
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<@> = 52,9 Degrees (Cont'd)

En Resolution
MeV) MeV)
1.766 0.063
1.803 . 0.062
1.817 0.063
1.870 0.063
1.920 0.062
1.971 0.062
2.001 0.061
2.022 0.061
2.022 0.062

& Errors correspond to * 11Z.

b

235U fission cross section.

Table II (Cont'd)

[(d0/dR) /0y 5541°
1 ]

(sx )

(3.93
(3.48
(3.16
(5.29
(3.96
(5.15
(5.19
(5.33
(5.45

0.43)x
0.38)x
0.35)x
0.58)x
0.44)x
0.57)x
0.57)x
0.59)x
0.60)x

(S5 S S A T D S D
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Errors correspond to * 12%.

do, b
Qﬁp

(b/sr)

(4.97
(4.41
(4.01
(6.71
(5.03
(6.54
(6.60
(6.78
(6093

H o+ I+

0.60)x
0.53)x
0.48)x
0.81)x
0.60)x
0.78)x
0.79)x
0.8L)x
0.83)x

Differential cross sections are computed using ENDF/B-IV [15] values for the



Table III

Measured Angular Distributions for the 0.847-

MeV Gamma Ray from the 56Fe(n,n'Y)56Fe Reaction

E = 0.93 Mev
n

[}
~J
HoohoN o ww

cos 0O

(no dim)

0.8755
0.7848
0.6704
0.5344
0.3811
0.2147
0.0384
~0.1409
-0.3140
-0.4772
-0.6252
-0.6921

cos O

(no dim)

0.8755
0.7837
0.6691
0.5344
0.3811
.0.2130
0.0384
-0.1392
-0.3123
-0.4772
-0.6239
~0.6909

cos @

(no dim)

0.8755
0.7837
0.6691

=40~

[W(©)/W(90°)]
(no dim)
2.37 + 0.12
2.47 + 0.12
2.30 + 0.12
2.04 * 0.10
1.60 + 0.08
1.22 + 0.06
1.03 * 0.05
1.08 + 0.05
1.44 + 0,07
1.95 + 0.10
2.36 + 0.12
2.53 £ 0.13
[W(O)/W(90°)]
(no dim)

2,15 + 0.11
2.13 % 0.11
1.99 + 0.10
1.69 + 0.08
1.41 £ 0.07
1.15 + 0.06
1.01 £ 0.05
1.06 + 0.05
1.27 + 0.06
1.63 + 0.08
1.92 + 0.10
2,01 £ 0.10
[W(®)/W(90°)]
(no dim)
1.74 £ 0.09
1.70 + 0.08
1.52 + 0.08

a



Table III (Cont'd)

En = 1.08 MeV (Cont'd)

0 cos © [W(@)/w(90°)] &
(deg) (no_dim) (no dim)
57.8 0.5329 1.38 + 0.07
67.7 0.3795 1.22 + 0.06
77.7 0.2130 1.07 + 0.05
87.8 0.0384 1.00 + 0.05
98.0 -0.1392 1.05 *+ 0.05
108.2 -0.3123 1.13 £ 0.06
118.4 -0.4756 1.35 *+ 0.07
128.6 -0.6239 1.52 + 0.08
133.7 -0.6909 1.60 £ 0.08

E = 1.18 MeV
n

0 cos O (W(@)/we9o°)] 2

(deg) (no dim) (no dim)

29.0 0.8746 1.84 *+ 0.09
38.4 0.7837 1.83 + 0.09
48.0 0.6691 1.69 £ 0.08
57.8 0.5329 1.56 * 0.08
67.7 0.3795 1.32 £ 0.07
77.7 0.2130 1.13 £ 0.06
87.8 0.0384 1.00 + 0.05
98.0 -0.1392 1.05 * 0.05
108.2 -0.3123 1.27 + 0.06
118.4 -0.4756 1.51 + 0.08
128.6 -0.6239 1.82 + 0.09
133.6 ~-0.6896 1.90 + 0.10

¢) cos 0 W) /w(90°)] 2

(deg) (no dim) (no 'dim)

29.0 0.8746 1.43 = 0.07
38.4 0.7837 1.29 + 0.06
48.0 0.6691 1.19 + 0.06
57.8 0.5329 1.14 *+ 0.06
67.7 0.3795 1.06 + 0.05
87.8 0.0384 1.01 £ 0.05
97.9 -0.1374 1.00 £ 0.05
118.3 -0.4741 1.13 + 0.06
128.5 -0.6225 1.19 + 0.06
133.6 ~0.6896 1.30 + 0.07
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Table III (Cont'd)

a

0 cos O [W(©)/W(90°)]
(deg) (no dim) (no dim)
29.0 0.8746 1.56 * 0.08
38.4 0.7837 1.42 + 0.07
48.1 0.6678 1.28 * 0.06
57.8 0.5329 1.18 + 0.06
67.7 0.3795 1.10 + 0.05
77.7 0.2130 1.04 + 0.05
87.8 0.0384 0.97 + 0.05
97.9 -0.1374 1.02 + 0.05
108.1 -0.3107 1.07 + 0.05
118.3 -0.4741 1.14 + 0.06
128.5 -0.6225 1.24 + 0.06
133.6 ~0.6896 1.28 + 0.06
E = 1.59 Mev
n

¢) cos 0 [W(O)/w(90°)] 2
(deg) (no dim) (no dim)
29.0 0.8746 1.57 %+ 0.08
38.5 0.7826 1.48 * 0.07
48.1 0.6678 1.42 * 0.07
57.8 0.5329 1.32 + 0.07
67.7 0.3795 1.22 + 0.06
77.7 0.2130 1.06 * 0.05
87.8 0.0384 1.00 * 0.05
97.9 -0.1374 1.00 *+ 0.05
108.1 -0.3107 1.15 + 0.06
118.3 =0.4741 1.29 * 0.06
128.5 -0.6225 1.40 + 0.07
133.6 -0.6896 1.47 + 0,07

E = 1.68 Mev
n

2] cos O [W(O)/W(90°)]
(deg) (no dim) (no dim)
29.0 0.8746 1.38 = 0.07
38.5 0.7826 1.34 + 0.07
48.1 0.6678 : 1.32 + 0,07
57.9 0.5314 ' 1.24 * 0,06
67.7 0.3795 1.15 ¢ 0.06
77.7 0.2130 1.05 + 0,05
87.8 0.0384 1.00 £ 0.05
97.9 -0.1374 1.02 * 0.05
108.1 -0.3107 1.10 + 0.05
118.3 -0.4741 1.21 + 0.06
128.5 -0.6225 1.32 £ 0.07
133.6 -0.6896 1.36 + 0.07
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E = 1.79 MeV
n

(deg)

29.0
38.5
57.9
67.8
77.8
87.8
97.9
118.3
133.6

E = 2.03 Mev
n

(deg)

29.0
38.5
48.1
57.9
67.7
77.7
87.7
97.9
108.1
118.3
128.5
133.6

Table III (Cont'd)

cos O

(no dim)

0.8746
0.7826
0.5314
0.3778
0.2113
0.0384
-0.1374
=-0.4741
-0.6896

cos O

"(no dim)

0.8746
0.7826
0.6678
0.5962
0.3778
0.2130
0.0384
-0.1374
-0.3107
-0.4741
-0.6225
-0.6896

cos @
{(no dim)

0.8746
0.7826
0.6678
0.5314
0.3795
0.2130
0.0401
-0.1374
-0.3107
-0.4741
-0.6225
-0.6896

a
Errors correspond to * 5%.

43~

[W(®)/W(90°)]
(no dim)
1.32 £ 0.07
1.29 + 0.06
1.17 £ 0.06
1.09 + 0.05
1.05 + 0.05
0.99 * 0.05
1.01 + 0.05
1.15 = 0.06
1.26 + 0.06

[W(©)/w(90°)]
(no dim)
1.34 £ 0.07
1.39 = 0.07
1.32 & 0.07
1.24 + 0.06
1.15 = 0.06
1.04 * 0.05
1.01 £ 0.05
1.02 £ 0.05
1.04 £ 0.05
1.15 + 0.06
1.24 + 0.06
1.25 + 0.06

[W(®)/W(90°)]
(no dim)
1.26 £ 0.06
1.18 + 0.06
1.14 * 0.06
1.12 + 0.06
1.05 £ 0.05
1.00 £ 0.05
1.01 + 0.05
1.02 + 0.05
1.04 £ 0.05
1.09 *+ 0.05
1.17 + 0.06
1.18 * 0.06

a



Table IV

w Coefficients Derived from Least-
Squares Fits of a Legendre Polynomial
Expansion to Measured Angular
Distributions for the 0.847-MeV Gamma
Ray from the 56Fe(n,n'Y)SsFe Reaction

En w2 ° w& °
(Mev) (no dim) (no dim)

0.93 © 0.521 + 0.030 -(0.511 * 0.033)
0.98 0.539 + 0.013 ~(0.302 * 0.014)
1.08 0.435 % 0.017 -(0.144 + 0.019)
1.18 0.398 + 0.039 -(0.331 * 0.044)
1.28 ©0.312 £ 0.031 0.020 * 0.004
1.38 0.396 *+ 0.018 0.039 *+ 0.020
1.59 0.319 * 0.022 -(0.167 + 0.025)
1.68 0.226 * 0.012 -(0.155 * 0.015)
1.79 0.216 * 0.010 -(0.082 * 0.013)
1.85 0.245 *+ 0.031 -(0.089 * 0.036)
2.03 0.190 * 0.018 -(0.023 + 0.021)

a Eq. (12) is used to fit angular distribution data.

Errors are computed standard deviations.
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Table V

Integrated Cross Sections for Production
of the 0.847-MeV Gamma Ray by Neutron
Inelastic Scattering from Iron

values derived from 87.9-degree
differential cross section data:

a b b do, a
En Resolution 2 ) m& (Eﬁ o € /4w (da/dQ) ,d
(MeV) (MeV) (no dim) (no dim)  (barn/sr) (barn) (no dim)>>
0.887 0.047 0.506 -0.543 0.00661 0.151 + 0.018 0.829
0.937 0.047 0.528 -0.432 0.00861 0.185 + 0.022 0.860
0.990 0.046 0.515 -0.266 0.0164 0.317 + 0.039 0.910
1.041 0.046 0.462 -0.185 0.017 0.301 * 0.036 0.936
1.041 0.046 0.462 -0.185 0.0193 0.344 * 0.041 0.936
1.093 0.045 0.425 -0.195 0.0285 0.495 £ 0.060 0.933
1.145 0.045 0.405 -0.294 0.0283 0.512 + 0.061 0.901
1.196 0.045 0.371 -0.222 0.0243 0.413 = 0.049 0.923
1.248 0.044 0.326 -0.036 0.0288 0.436 * 0.052 0.988
1.300 0.044 0.342 0.027 0.0246 0.365 = 0.044 1.013
Values derived from 52.9-degree
differential cross section data:
a b b do, a
'En Resolution 2 @y Wy Qﬂi o © o/4n(do/dQ) __, d
(MeV) MeV) (no dim) (no dim) (barn/sr) (barn) (no dim)55
0.879 0.073 0.503 -0.551 0.0152 0.153 *+ 0.018 0.827
0.902 0.072 0.513 -0.528 0.0116 0.117 + 0.014 0.833
0.919 0.072 0.521 -0.507 0.0177 0.180 + 0.021 0.839
0.969 0.071 0.537 -0.299 0.0249 0.273 + 0.031 0.900
1.014 0.070 0.490 -0.228 0.0339 0.383 + 0.045 0.922
1.014 0.070 0.490 ~0.228 0.0314 0.355 * 0.042 0.922
1..066 0.070 0.435 -0.144 0.0344 0.399 = 0.047 0.950
1.102 0.069 0.422 -0.211 0.0368 0.418 + 0.050 0.927
1.116 0.069 0.416 -0.239 0.0405 0.456 = 0.055 0.918
1.167 0.068 0.396 -0.324 0.043 0.470 + 0.056 0.891
1.218 0.068 0.352 -0.142 0.0352 0.411 * 0.049 0.950
1.260 0.067 0.315 0.006 0.0293 0.364 £ 0.044 1.004
1.303 0.066 0.345 0.027 0.0322 0.402 * 0.049 1.013
1.312 0.067 0.353 0.029 0.0301 0.377 = 0.046 1.014
1.364 0.066 0.396 0.038 0.0453 0.568 = 0.068 1.018
1.416 0.066 0.377 -0.013 0.049 0.603 £ 0.073 0.998
1.467 0.065 0.358 -0.064 0.0518 0.624 + 0.074 0.978
1.502 0.064 0.345 -0.098 0.0558 0.663 = 0.080 0.966
1.519 0.065 0.338 -0.115 0.0608 0.719 + 0.087 0.960
- 1.519 0.064 0.338 -0.115 0.0605 0.715 + 0.086 0.960
~1.569 0.065 0.320 -0.164 0.0577 0.670 * 0.080 0.942
1.621 0.064 0.267 -0.160 0.0611 0.713 = 0.085 0.943
1.663 0.064 0.226 -0.154 0.0618 0.724 + 0.086 0.945
1.714 0.064 0.221 -0.120 0.0479 0.567 + 0.068 0.957
1.766 0.063 0.217 -0.085 0.0497 0.598 + 0.072 0.970
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Values derived from 52.9-degree

Table V (Cont'd)

differential cross section data (Cont'd):

a b b do, a

En Resolution wZ w4 Qﬁi

MeV) (MeV) (no dim) (no dim) ~ (barn/sr)
1.803 0.062 0.232 -0.086 0.0441
1.817 0.063 0.238 -0.087 0.0401
1.870 0.063 0.233 -0.075 0.0671
1.920 0.062 0.218 -0.056 0.0503
1.971 0.062 0.202 -0.038 0.0654
2.001 0.061 0.193 -0.027 0.066
2.022 0.061 0.185 -0.019 0.0678
2.022 0.062 0.185 -0.019 0.0693

a Values reproduced from Table II.

b Obtained from linear interpolation of Table IV.

¢ Computed from Eq. (12). Errors correspond to * 12%.

This ratio indicates the importance of the P, term.

.

4

(barn)
0.529 %= 0.063
0.481 + 0.057
0.810 = 0.097
0.612 + 0.073
0.801 + 0.097
0.813 + 0.097
0.840 * 0.101
0.857 + 0.103

o/4m(do/dq) ¢

(no dim)

55°

The ratio is unity if w,

0.969
0.969
0.974
0.980
0.987
0.991
0.994
0.994

= 0.



Table V1

Measured Cross Section Ratios and Resultant
Elemental Cross Sections for Production of the
1.408-MeV Gamma Ray by Neutron Inelastic
Scattering from Iron

a do, b do, ¢
En Resolution [(dO/dQ)ZgF,ZBS] ‘Eﬁ) o = 4m (Eﬁ)
MeV) (MeV) (sx ) (barn/sr) (barn)
1.470 0.055 (1.68 + 0.24)x 10:3 (2.12 + 0.31)x 10:3 (2.66£0.40)x10
1.522 0.055 (1.75 £ 0.24)x 10_3 (2.20 £ 0.33)x 10_3 (2.7610.41)){10_2
1.522 0.055 (1.44 £ 0.20)x 10_3 (1.81 + 0.27)x 10__3 (2.2810.35)x10_2
1.571 0.055 (1.78 + 0.25)x 10_3 (2.24 + 0.34)x 10_3 (2.8110.42)}{10_2
1.622 0.055 (1.81 + 0.25)x 10_3' (2.29 + 0.34)x 10_3 (2.8810.43)}{10_2
1.664 0.055 (2.11 * 0.30)x 10_3 (2.65 * 0.40)x 10_3 (3.34!0.50)x10_2
1.715 0.054 (1.53 £ 0.21)x 10_3 (1.94 + 0.29)x 10_3 (2.4410.36)x10_2
1.767 0.054 (1.59 ¢ 0.22)x 10_3 (2.00 £ 0.30)x 10_3 (2.52:':0.38)x10_2
1.816 0.054 (2.47 £ 0.35)x 10_3 (3.13 + 0.47)x 10_3 (3.9410.59)x10_2
1.869 0.054 (1.95 + 0.27)x 10_3 (2.47 + 0.37)x 10_3 (3.1110.47)1{10_2
1.920 0.054 (2.86 + 0.40)x 10_3 (3.64 £ 0.55)x 10_3 (4.5730.68)x10_2
1.971 0.053 (2.62 * 0.37)x 10_3 (3.33 £ 0.50)x 10__3 (4.1810;63)x10_2
2.022 0.053 (2.67 £ 0.37)x 10_3 (3.38 + 0.51)x 10_3 (4.25i0.64)x10_2
2.022 0.053 (2.97 £ 0.42)x 10 (3.78 £ 0.57)x 10 (4.75%0.72)x10
1.2
—
s

2 Errors correspond to * 147%.

b Differential cross section at 54.0 degrees is computed using ENDF/B-IV [15] values

for the 235U fission cross section. Errors correspond to * 15%.

¢ Since no angular distribution data is available, the integrated cross section is

approximated by 47 times the measured differential cross section at 54.0 degrees.

Errors correspond to % 157%.

47~



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

FIGURE CAPTIONS

Plot of 47 times the measured differential cross sections
for production of 0.847-MeV gamma rays near 55 degrees via
the 56Fe(n,n'y)56Fe reaction. The smoothed ENDF/B-IV [15]
evaluation for the corresponding inelastic scattering
cross section (Fig. 2) is superimposed for comparison.
(ANL Neg. No. 116-76-63)

Plot of ENDF/B-IV [15] evaluated cross sections for excita-—
tion of the 0.847-MeV level in 56Fe via neutron inelastic
scattering. The solid curve is plotted directly from the
evaluation. The dotted curve corresponds to a smoothed
version of the evaluation with 50-keV resolution.

(ANL Neg. No. 116-76-32)

Angular distributions for the 0.847-MeV gamma ray. Data
points are from the present experiment. Solid curves are
best fits of Eq. (12) to the data.

(ANL Neg. No. 116-76-7. Rev.1l)

Plot of integrated cross section values for production of
the 0.847-MeV gamma ray derived from differential cross

section and angular distribution data acquired in the pres-

- ent experiment. Neutron energies at which angular distri-

bution measurements were made are indicated by arrows. The
smoothed ENDF/B-IV [15] evaluation (Fig. 2) is plotted for
comparison.

(ANL Neg. No. 116-76-37. Rev 1)

Plot of experimental data from the literature for neutron
inelastic scattering from iron (Q = -0.847 MeV) and produc-
tion of the 0.847-MeV gamma ray. Data obtained from the
CSISRS File at the National Neutron Cross Section Center
[7]. The smoothed ENDF/B-IV [15] evaluation (Fig. 2) is
superimposed for comparison.

(ANL Neg. No. 116-76-33)
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Fig. 6.

Fig. 7.

Plot of 47 times the measured differential cross sections
for production of 1.408-MeV gamma rays near 55 degrees via
the 54Fe(n,n'Y)54Fe reaction. The ENDF/B-IV [15] evalua-
tion for the corresponding inelastic scattering cross
section is superimposed for comparison.

(ANL Neg. No. 116-76-38 Rev 1)

Plot of experimental data from the literature for neutron
inelastic scattering from iron (Q = -1.408 MeV) and pro-
duction of the 1.408-MeV gamma ray. Data obtained from
the CSISRS File at the National Neutron Cross Section
Center [7]. The ENDF/B-IV [15] evaluation is superimposed
for comparison.

(ANL Neg. No. 116-76-45)
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