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Abstract

The energy spectra and angular distributions of proton emission in the reaction of "*Ni(n, xp)
at neutron energy 14.6 MeV have been measured by the USTC multitelescope system. The
double-differential cross sections of 16 reaction angles from 25° to 164.5° have been obtained in
this measurement. The statistical error can be reduced because of the thick target used. The
angular distributions show a slightly energy-dependent forward—backward asymmetry. The angle-
integrated proton spectrum is compared with ENDF/B-VI evaluation and Grimes’ result. The
total p-emission cross section is in fair agreement with prediction and evaluation.

Keywords: NUCLEAR REACTION ™'Ni(n, xp); E = 14.6 MeV; Measured (8, E,); Angle-integrated o,
total p-emission o.

1. Introduction

The reactions of neutrons with structural materials to produce emitted charged
particles are important in the design of fission and fusion reactors. The (n,xp) and
(n, xa) reactions lead to nuclear transmutation, which can affect the structural strength
of the materials. They also produce recoils from the lattice, leading to voids and missing
lattice elements. Finally, they lead to buildup of hydrogen and helium gas and residual
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radioactivity. Knowing the strength, radioactivity and lifetime of structural materials is
of great economic importance.

Two techniques are generally used to measure neutron-induced charged- particle
emitted reaction cross sections: direct detection of charged particles emitted (with
time-of-flight spectrometer, magnetic quadrupole spectrometers and multitelescope sys-
tem) and detection of radiation emitted by the radioactive residual nuclei. These methods
have their own advantages and limitations. The radiochemical measurements are feasible
only in certain cases where residual nuclei reached by the charged-particle emission are
unstable. Also, such measurements do not provide the energy spectrum and angular
distribution information that is useful in estimating nuclear recoil energies in the lattice.
At neutron energies near 15 MeV, several reaction channels are likely to be open. For
example, the (n, xp) cross section is the sum of (n,p), (n,n'p), (n,pn’), and possibly the
(n,2p) channels. The radiochemical method does not allow a distinction between (n,d)
and (n,n'p) or (n,pn’) processes, as all of these lead to the same final nucleus. Direct
detection of charged particles is more difficult experimentally because of low counting
rates and high backgrounds. With this method, angular and energy distributions can be
obtained.

Over the past 20 years, some new detection systems have been developed to detect
the charged particles emitted, for example, the charged-particle time-of-flight (TOF)
spectrometer at Ohio University [1], the magnetic quadrupole spectrometer at LLNL [2]
and the multitelescope system at Vienna University [3] and University of Science and
Technology of China (USTC) [4]. The energy and angular distribution of the emission of
protons, deuterons, and alpha particles in the neutron energy range < 15 MeV with
some structural materials have been studied [5-8]. Nickel is a very important structural
material in nuclear engineering, so its data is very useful for the evaluation of
radiation-induced material damage, radiation safety, neutron dosimetry, etc. Based on
this aim, the double-differential proton emission cross sections have been measured in
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 it is possible to measure the high-energy parts of the spectra with
much better accuracy at the same time than with the thin-target method and also the
results are much less sensitive to the background.

2. Experimental procedure

Neutrons of 14.6 MeV were produced by the 150-KV Cockcroft—Walton accelerator
at USTC. The multitelescope system is similar to the Vienna system [3], which was
described in great detail in Ref. [4]. The schematic diagram of the USTC system is
shown in Fig. 1. Here only some brief introduction to this experiment is given.

A natural nickel target with a pureness 99.9%, thick compared to the range of the
most energetic (about 15 MeV) protons was desired. A metallic Ni sheet 0.5 mm thick
and 40 mm long was used. The whole chamber consist of 32 telescopes. 16 telescopes
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Fig. 1. The USTC multitelescope system: (a) top view and (b) side view.

were used for the measurement of nickel targets which were fixed in the ring-shape
graphite holder and the other 16 telescopes were used for simultaneous measurement of
the background. Graphite was used for the target holder and background-measuring
material because it has a very large negative Q-value (—12.7 MeV) and very small
cross sections of the (n,p) reaction. The proportional counters were operated with a gas
mixture of 5% CO, + 95% Ar at a gas pressure of 100 mb at a voltage of —750 V.

A CsI(T1) crystal with 1 mm height and 25.4 mm diameter was used as the energy
detector. 20 cm Fe was used as shielding material to shield CsI(T1) from neutrons. The
distance between the neutron source (T-Ti target) and CsI(T1) is 400 mm. Monte Carlo
methods (10° events) were used for calculation of the reaction angular distribution
function according to their geometric relation [9].

The whole system was irradiated for about 50 h at a neutron source strength
~ 1.5 X 10° n/s. During the entire experiment, one background telescope was equipped
with a weak **'Am « -source, and another was equipped with polyethylene foil. These
telescopes were used to monitor the energy calibration of the CsI(TD) crystal. The
stability of the entire measuring system was checked continually by monitoring all the
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important single counter rates. The target foil was rotated 180° at the midpoint of the
experiment to reduce the asymmetry effects due to the two different halves of the
reaction chamber. The total number of true events turned out to be ~ 450 000.

3. Data analysis and results

The whole experiment was controlled by an intelligent CAMAC crate controller.
Data collected were recorded in the buffer region of the CAMAC crate controller. When
the buffer region was full or the collection of data was complete, the data were read out
and stored on disk by the host computer.

For each Ni(n, xp) reaction five-parameter data were recorded on computer disk in
this experiment. These are the energy loss signal (AE), the wire address signal (6) from
which the reaction angle can be derived, the time-of-flight signal (TOF) of charged
particle, the energy signal (E) and the pulse shape discrimination signal (PSD) in the
CsI(TD) crystal.

Data analysis was performed in several steps: First, by selecting the appropriate
channel range in the TOF spectra, the PSD spectra and E - AE spectra, the chance
coincidence counts, alpha particles and gamma rays were eliminated. Second, the true
background was eliminated by subtraction of the background energy spectra from the
corresponding foreground energy spectra, channel by channel. In this way, thick-target
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Fig. 2. Thick-target proton energy spectra were obtained from this experiment for 16 reaction angles.
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Fig. 3. Equivalent thin-target spectra were obtained by unfolding the thick targets spectra of Fig. 1.

proton energy spectra were obtained for 16 reaction angles from 25.0° to 164.5° and
shown in Fig. 2. Third, to obtain the proton emission spectra the measured ‘‘thick
target’” spectra N( EP) had to be unfolded. This was done by numerically differentiating
the quantity (dE,/d X) - N(E,) with respect to E,. This process was similar to that of
Ref. [8]. After this step, all thick-target spectra were transformed into equivalent
thin-target spectra, shown in Fig. 3. These results are all in the laboratory system.
Conversion of these results to the c.m. system has been done, however, the angle-in-
tegrated energy spectra in the c.m. system as well as the laboratory system should be
similar, since the target nuclei have large masses.

The double-differential proton emission cross sections were obtained at 16 reaction
angles with an angular resolution of 12° on average. Both experimental data and their
errors are listed in Table 1 in the c.m. system. The errors in Table 1 consist of statistical
errors and all identified systematic error contributions. The statistical error correspond-
ing to 1o error was small because of the large number of true events in this
measurement. The total systematic error is 6.2% which consists of the neutron flux error
3.3%, the target height error 2%, the solid angle of the central detector error 3%, the
dE/d x value error 2%, the data reduction procedure error 2%, and other uncertainties
possibly 3%.

Because of high background counts at low energy, the DDCS of proton emission
were not extracted below 3 MeV. The proton energy for 3 to 4 MeV could only be
measured at six angles, which are also listed in Table 1.
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Table 2
Angle-integrated cross sections of the "™'Ni(n, xp) reaction at E, = 14.6 MeV
E, (MeV) do /dE, (mb)
3-4 142.74+9.0
4-5 133.9+11.5
5-6 117.4413.8
6-7 84.1+8.7
7-8 60.1£8.5
8-9 337128
9-10 20.2+1.7
10-11 103+1.6
11-12 6.4+0.8
12-13 29403
13-14 1.1+03

The angle-integrated proton emission cross sections were derived from least-squares
fits of Legendre polynomials up to /= 2 to the (d°o/d E, d6) values. The results of this
calculation are listed in Table 2. The total proton emission cross section for proton
energy >3 MeV is 612.8 + 44.8 mb.

4. Comparison with other results and discussion

The angular distributions of proton emission from this measurement are shown in
Fig. 4 in 2 MeV bins. The solid lines in this figure are the predictions of systematics of

"Ni(n, xp)

10-12 MeV

Z

{
o J

d’o/dedtl (mb/MeV-Sr)

o 2 4 80 B.O 1&) 120 140 180 180
Reaction Angle (Deg.)

Fig. 4. The angular distributions of p-emission from "'Ni(n, xp) reaction in 2 MeV energy regions. The solid

lines are the predictions of the systematics of Kalbach and Mann.
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Fig. 5. Proton spectra from the ™'Ni(n, xp) reaction and the evaluation result of ENDF /B-V1 library.

Kalbach and Mann [10], where the values of ay®°(¢,)/(ay""(¢,) + ay'* (&) are 0.4,
0.6 and 0.8 for £, = 6-8, 8-10 and 10-12 MeV, where the differential cross sections
ay®P(g,) and a5°“(s,) are for MSD and MSC processes. It shows that the angular
distribution of proton emission from the natural nickel (n, xp) reaction is not so strong as
the Kalbach—-Mann predictions [11]. A similar behaviour has been found in the proton
spectrum from the natural iron (n,xp) reaction. A possible explanation is that angular
distribution may be perturbed by the magnetic hyperfine interaction when the target is
ferromagnetic [12].

In 1979, Grimes et al. [12] obtained their measurement results for *Ni, ®Ni and
natural nickel (n, xp) reactions at E, = 14.8 MeV. Their data have been extensively used
to test the nuclear reaction models. Comparison of the present result of angle-integrated
cross sections with Grimes’ result is given in Fig. 5. These data are in fair agreement
with Grimes’ data, but appear to have better statistics. Further, this result has been
compared with the evaluated data of the ENDF/B-VI [15] library which is also given in
Fig. 5. It shows that the evaluation of ENDF/B-VI for natural nickel is in good
agreement with this result.

The evaluations of total (angle—energy-integrated) p-emission cross sections have

Table 3
Proton-emission cross section of the Ni(n, xp) reaction (mb)
Isotopes and their Evaluation Measurement
:““d‘t’unc‘i - CNDC BROND B-VI JENDL-3 (SEM' ﬁ‘l“;eid v
=14, (<
¢ natural ncke (E, =14.1 MeV) n
68.077% BN 946 898 953 923 1002+ 120
26.223% ©Ni 270 209 279 137 325+ 40
1.140% SINi 106 185
3.634% 2 Ni 34 2 325 28.4

0.926% *Ni 53 32
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Table 4
Proton-emission cross section of the natural nickel (n,7, ) reaction (mb)

Proton Evaluation Grimes USTC
energy CNDC BROND BVI JENDL.3 (E,=14.8 MeV) (E, =14.6 MeV)

(MeV) (E, = 14.1 MeV)
1-14 7173 668° 725 695 790 100
3-14 626 643+ 85 613245

% Because we have not evaluation data for ®' Ni and 64Ni, CNDC' data were used.

been carried out by CNDC [13], BROND [14], ENDF/B-VI [15] and JENDL-3 [16] for
Ni. These results and Grimes’s data are shown in Table 3. Comparisons of Grimes’s
data with those measured by the activation method demonstrate that almost all Grimes’s
measurements on p-emission cross sections are higher by about 10 to 15% systemati-
cally than others [13]. The evaluations of p-emission from natural nickel in Table 4 are
obtained from Table 3 by adding results for all isotopes according to their abundance.
Experimental results of Grimes [17] and present work are also listed in Table 4 for
E,> 3 MeV, the present result for natural nickel is lower by 5% than Grimes’ data.
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