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Abstract — The energy spectra and angular distributions of proton emission in a reaction of "Fe(n,xp)
at a neutron energy of 14.6 MeV are measured by the University of Science and Technology of China
multitelescope system. The double-differential cross sections of 16 reaction angles from 25 to 164.5
deg are obiained in this measurement. The statistical errors are reduced largely because of the thick

target used.

try. The angle-integrated proton spectrum is comp

The angular distributions show a slightly energy-dependent forward-backward asymme-
ared with theoretical calculations and other results.

The total proton-emission cross section is in fair agreement with the prediction and evaluation.

I. INTRODUCTION

The reaction of neutrons with structural materials
to produce emitted charged particles is significant in the
design of fission and fusion reactors. Bombarded by
high fluxes of neutrons of ~14 MeV, structural mate-
rials must be very solid. The (n,xp) and (n, xa) reac-
tions produce hydrogen and helium, which can affect
the structural strength of materials and produce resid-
ual radioactivity. Knowing the strength, radioactivity,
and lifetime of structural materials is of great economic
importance.

Two techniques are generally used to measure neu-
tron-induced charged-particle-emitted reaction cross
sections: (a) the direct detection of emitted charged par-
ticles [with a time-of-flight (TOF) spectrometer, mag-
netic quadrupole spectrometers, and a multitelescope
system] and (b) the detection of radiation emitted by
the radioactive residual nuclei. Each has its advantages
and limitations. The main shortcoming of radiochem-
ical measurements is that they do not provide the en-
ergy and angular distribution cross-section information
that can be measured in direct detection methods. But,
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there are two problems in the direct detection of emit-
ted charged particles: low counting rates because of
small producing cross sections and a thin target, and
high backgrounds because of a large number of gamma-
ray counts coming from the (n,n"y) and (n, v) reactions
and true background counts coming from the sur-
roundings of the target.

Over the past 20 yr, some new detection systems
have been developed to detect the emitted charged par-
ticles, for example, the charged-particle TOF spectrom-
eter at Ohio University,! the magnetic quadrupole
spectrometer at Lawrence Livermore National Labo-
ratory,? and the multitelescope system at Vienna Uni-
versity® and the University of Science and Technology
of China* (USTC). The energy and angular distribu-
tions of the emission of protons, deuterons, and alpha
particles in neutron energy at <15-MeV ranges have
been studied®® with some structural materials. Iron is
a very important structural material in nuclear engineer-
ing, so its data are very useful for the evaluation of
radiation-induced material damage, radiation safety,
neutron dosimetry, etc. With this aim in mind, double-
differential proton emission cross sections have been
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measured at USTC using the multitelescope system.
Thick targets were used in this measurement, and the
double-differential cross sections (DDCS) were derived
by unfolding the thick-target spectra. In this way, the
high-energy parts of the spectra could be measured with
much better accuracy in same time as with the thin-
target method, and also, the results are much less sen-
sitive to the background.

II. EXPERIMENTAL PROCEDURE

Neutrons of 14.6 MeV were produced by the 150-kV
Cockcroft-Walton accelerator at USTC. The multitele-
scope system, which is described in great detail in Ref. 4,
is similar to the Vienna system. Here, we give only a
brief explanation of this experiment.

A natural iron target is thick compared with the
range of the most energetic (~15-MeV) protons. A
metallic iron sheet 0.5 mm thick and 40 mm high was
used. The whole chamber consisted of 32 telescopes.
Sixteen telescopes were used for the measurement of the
iron target, which was fixed in ring-shaped graphite,
and the other 16 chambers were used for the simultane-
ous measurement of the background. Graphite was
used for the target holder and the background-measured
material because it has a very large negative Q value
(—12.7 MeV) and very small cross sections of the (1, p)
reaction. The proportional counters were operated with
a gas mixture of 5% CO, and 95% argon at a gas pres-
sure of 100 mb at a voltage of =750 V.

A 1-mm-high and 1-in.-diam CsI(TI) crystal was
used as the energy detector. The shielding material was
20 c¢m of iron to shield the CsI(T]) from the neutrons.
The distance between the neutron source (tritium-
titanium target) and the CsI(TI) was 400 mm. Monte
Carlo methods (10° events) were used for the calcula-
tion of the reaction angular distribution function ac-
cording to their geometric relation. The aperture
function W (8) of the 16 telescopes is shown in Fig. 1.

The whole system was irradiated for ~30 h at a
neutron source strength of ~1.5 x 10° n/s. During the
entire experiment, one background telescope was
equipped with a weak **'Am alpha-particle source,
and another was equipped with polyethylene foil. These
telescopes were used to monitor the energy calibration
of the CsI(TI) crystal. The stability of the entire mea-
suring system was checked continually by monitoring
all of the important single counter rates. The target foil
was rotated 180 deg at the midpoint of the experiment
to reduce the asymmetry effects due to the two differ-
ent halves of the reaction chamber. The total number
of true events turned out to be ~170000.

[1l. DATA ANALYSIS AND RESULTS

By selecting the appropriate channel range of the
particle pulse-shape spectra and the flight-time spectra,
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Fig. 1. The angular acceptance functions of the various
telescopes.

the chance coincidence counts, alpha particles, and
gamma rays were eliminated. The true background was
eliminated by the subtraction of the background energy
spectra from the corresponding foreground energy
spectra, channel by channel. In this way, thick-target
proton energy spectra were obtained for 16 reaction an-
gles from 25.0 to 164.5 deg, as shown in Fig. 2. The
measured thick-target spectra N(E,) had to be un-
folded to obtain the proton-emission spectra. This was
done by numerically differentiating the quantity
(dE,/dX)-N(E,) with respect to E,. This progress
was similar to that of Ref. 8. After this step, all thick-
target spectra were transformed into equivalent thin-
target spectra. These results are all in the laboratory
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Fig. 2. Thick-target proton energy spectra obtained
from this experiment for 16 reaction angles.
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system. The conversion of these results in the center-
of-mass (c.m.) system is made by using the nuclear re-
action formula. However, the angle-integrated energy
spectra in the c.m. system as well as the laboratory sys-
tem should be similar because the target nuclei have
large masses.

The double-differential proton emission cross sec-
tions were obtained for 16 reaction angles with an angular
resolution of 12 deg on average. Both the experimental
data and the errors are listed in Table I in the c.m.
system. The errors in Table I consist of two parts of sta-
tistical errors and all identified systematic error contri-
butions. The statistical error corresponding to 1o of
errors is small because of the large true events in this
measurement. The total systematic error is 6.2%, which
consists of a neutron flux error of 3.3%, a target height
error of 2%, a solid angle of the central detector error
of 3%, a dE/dx value error of 2%, a data reduction
procedure error of 2%, and other possible uncertain-
ties of 3%.

Because of high background counts in low-energy
parts, the DDCS of proton emission has not been mea-

sured up to 3 MeV. The proton energy of 3 to 4 MeV
can be measured only for five angles of 43.9, 77.1,
136.6, 157.8, and 164.5 deg.

The angle-integrated proton-emission cross sections
were derived from least-squares fits of Legendre poly-
nomials up to / = 2 to the (d*0/dE,d6) values. The
results of this calculation are listed in Table II. The total
proton-emission cross section for proton energy for
~>3-MeV regions is 170.7 = 13.7 mb.

IV. COMPARISON AND DISCUSSION

The angular distributions of the proton emission
from this measurement are shown in Fig. 3 in 2-MeV
bins. The solid lines in Fig. 3 are the predictions of the
systematics of Kalbach and Mann® where the values of
aSP(e,)/[adSP(e,) + ag">(¢,)] are 0.4, 0.6, and 0.8
fore,=6108, 810 10, and 10 to 12 MeV, the differ-
ential cross sections a}'SP(e,) and @*°(e,) for the
multistep statistical direct (MSD) and multistep statis-
tical compound (MSC) processes. Figure 3 shows that

TABLE 1
DDCS of the " Fe(n,xp) Reaction at E, = 14.6 MeV
Reaction Angles (deg)
E

(;\‘.léDV) 25.0 32.8 43.9 55.0 67.2 77.1 88.3 98.3
3104 3.33 £ 0.24 2.88 £ 0.20

4105 |230+0.19]3.18+0.23|2.77 = 0.1512.77+£0.2013.43 £ 0.27 | 3.03 = 0.21 |3.51 +0.29 | 3.06 = 0.17
5106 [2.22+0.18|2.88+£0.21]3.39+0.29 2,02+ 0.15|3.07 = 0.24 [ 3.17 £ 0.24 | 3.34 £ 0.22 3.34 + 0.28
6to7 |3.63+0.24]3.02+0.21 250+ 0.17]1.82+0.13 | 1.57 £ 0.12 1.98+0.14 12,22 + 0.15 | 2.78 £ 0.19
7t08 |2.52+0.17|1.89+0.13 1.91 +0.13 [ 1.60 + 0.11 | 1.99 = 0.13 1.93+0.13(1.82+0.13 1143 +0.11
€109 |1.29+0.09{1.14 = 0.08 | 0.68 + 0.06 1.18 = 0.08 | 0.95 + 0.07 | 0.96 = 0.07 | 1.12 + 0.08 0.62 + 0.06
91010 | 0.94 + 0.07 | 0.66 + 0.05 | 1.03 = 0.07 0.50 = 0.04 | 0.73 + 0.05 } 0.54 + 0.05 | 0.38 + 0.04 0.66 = 0.06
10to 11 | 0.30 + 0.03 | 0.36 = 0.03 | 0.25 + 0.03 0.36 + 0.03 | 0.54 + 0.04 | 0.33 £ 0.03 | 0.49 + 0.04 0.32 +0.03
11to 12 ]0.12 + 0.02 | 0.05 = 0.02 | 0.25 = 0.02 0.28 + 0.02 | 0.05 + 0.01 [ 0.08 = 0.02 { 0.06 + 0.01 | 0 01 = 0.02
1210 13 | 0.02 + 0.01 | 0.06 + 0.01 | 0.01 + 0.01 0.04 + 0.01 | 0.08 + 0.01 {0.11 £ 0.01 {0.02 +0.01 | 0.13 = 0.01
13 to 14 | 0.05 = 0.01 | 0.01 £ 0.00 | 0.03 £ 0.00 0.06 + 0.01 | 0.01 + 0.00 | 0.02 + 0.01 | 0.00 £ 0.00 0 02 =+ 0.01

Reaction Angles (deg) °
E
(M:V) 108.6 117.9 128.0 136.6 144.3 151.9 157.8 164.5
3to4 2.04 + 0.16 1.94 £ 0.15 | 1.42 = 0.16
4105 |3.62+0.30]3.73+0.31]3.50+0.26}3.07=0 21 |1.03 +0.11 | 1.35+0.12 1 0.21 £ 0.08 } 1.10 £ 0.11
St06 |3.34+02712.77+£0.19]2.99+0.203.36 + 0.22 | 2.04 + 0.15 { 0.95+ 0.10 1 0.90 £ 0.10 | 0.46 £ 0.09
6t07 |2.62+0.18[2.10+0.15]|1.55%+0.12 1.04 + 0.09 | 2.33 £ 0.16 | 1.88 £ 0.13 0.87 + 0.08 { 0.59 + 0.08
7t08 {1.80+0.13[1.75+0.12|1.54 +£0.11 [ 1.62 = 0.11 1.02 + 0.08 | 0.88 = 0.08 | 0.93 + 0.08 | 0.33 £ 0.06
8to9 |[1.02+0.081.03+0.08 1.20 + 0.09 | 0.85 + 0.07 | 0.49 + 0.05 } 0.44 £ 0.05 0.36 + 0.05 | 0.10 £ 0.05
910 10 | 0.60 + 0.05 | 0.60 + 0.05 | 0.77 + 0.06 | 0.46 + 0.04 1 0.40 + 0.04 | 0.34 + 0.04 | 0.33 + 0.04 | 0.66 = 0.06
10to 11 | 0.23 +0.03 | 0.27 + 0.03 1 0.07 £ 0.02 | 0.35+ 0 03]0.19+0.0210.17 +0.02 [ 0.06 +0.02 | 0.02 + 0.03
11to 12 ] 0.26 +0.02 1 0.16 + 0.02 {0.18 £ 0.02 [ 0.09 £ 0 02 10.16 + 0.02 | 0.02 + 0.01 | 0.04 £ 0.01 | 0.05 + 0.02
12 to 13 | 0.03 £ 0.01 | 0.01 £0.01 [ 0.12 £ 0.01 0.01 + 0.01 | 0.03 + 0.01 {0.03 £ 0.01 | 0.04 + 0.01 | 0.08 = 0.02
13 to 14 | 0.00 = 0.00 | 0.04 + 0.00 | 0.01 %= 0.00 | 0.01 + 0.00 | 0.04 + 0.00 | 0.04 £ 0.01 0.03 + 0.01 {0.02 + 0.01
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TABLE II

The Angle-Integrated Proton-Emission Cross Section
from the " Fe(n,xp) Reaction

E, do/de
(MeV) (mb/MeV)
3to4 33.78 + 3.28
4to05 34.31 + 4.88
5to6 33.89 +4.23
6to7 24.32 +3.90
7t08 20.81 = 2.06
8t09 10.92 + 1.56
9to 10 7.18 £ 0.97
10to 11 3.63 £ 0.59
11t0 12 1.20 £ 0.48
12to 13 0.46 + 0.20
13to 14 0.16 = 0.07

the angular distribution of the proton emission from
the natural iron {7, xp) reaction is not as strong as that
of the Kalbach-Mann predictions. Similar behavior has
been found in the proton spectrum from a natural
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Fig. 3. The angular distributions of the proton emission

from the " Fe (n,xp) reaction in 2-MeV energy regions.
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nickel (n, xp) reaction, which we are just measuring.
These discrepancies need further theoretical and exper-
imental analyses.

In 1979, the Grimes group obtained measurement
results for >*Fe, 5¢Fe, and natural iron (n,xp) reac-
tions at E, = 14.8 MeV. The Grimes data have been
extensively used to test the nuclear reaction models.
A comparison of the current results of the angle-
integrated cross sections with the Grimes results is given
in Fig. 4. In the highest energy region, our values are
slightly smaller than those of the Grimes data, but our
values agree with the Grimes data within the errors.

The theoretical calculation was given by Zhang,'®
of the Chinese Nuclear Data Center (CNDC), who
used the UNF code, which is developed for the calcu-
lations of fast neutron data for structural materials. For
structural materials at incident neutron energies below
20 MeV, it is demonstrated that the constructed model
contains the Hauser-Feshbach, Weisskopf-Ewing as
well as the exciton models as limiting cases. The uni-
fied treatment of pre-equilibrium processes includes a
number of interesting features such as the exciton state
densities with the exact Pauli exclusion correction,
which are renormalized to the backshifted Fermi-gas
formula, and the introduction of formation factors of
composite particles in calculations of the pickup-type
composite particle emission. The result of the calcula-
tion was obtained for only 7 + *6Fe at E, = 14.5 MeV.
Because S¢Fe has a >90% abundance in natural iron,
similar energy spectra for natural iron and **Fe would
be expected. In Fig. 5, the calculated result of 56Fe is
compared with the experimental data of natural iron.
The calculated spectrum ends a little below 12 MeV
while the measured spectrum extends above 14 MeV be-
cause of different reaction thresholds for **Fe(n, p)
and 5*Fe(n, p). At CNDC, a UNF2 code is being de-
veloped for the calculation of the energy spectrum of
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Fig. 4. Proton spectra from the "¥Fe(n,xp) reaction.
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Fig. 5. Comparison of this result with the calculated
result.

natural material. When this code is completed, a de-
tailed comparison of this result with the theoretical cal-
culation for natural iron will be given.

The evaluations of total (angle—energy-integrated)
proton-emission cross sections have been carried out

YE et al.

by CNDC, BROND, ENDF/B-VI, and JENDL-3 for
iron.!! These results and the Grimes data are shown
in Table I11. The evaluation of proton emission from
natural iron in Table IV is obtained from Table 111 with
all the isotope cross sections according to their abun-
dance added. The experimental results of Grimes!?
and the current research are also listed in Table IV. For
the E, > 3 MeV portions, the current result is lower by

6% than that of the Grimes data.
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