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Measurement of Alpha-Particles Emitted from Interaction 
of 14.6 MeV Neutrons with Elemental Nickel 
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Xiaoqi YU*, Huaijiang DU* and Zhenxi XIAO** 

* Department of Modern Physics, University of Science and Technology of China 
**Institute of Management, University of Science and Technology of China 

(Received February 3, 1997) 

The double-differential cross sections (DDX) of a-particle emission from the reaction of 14.6 MeV neutrons 
with elemental nickel have been measured using a multitelescope system. The cross sections at sixteen reaction 
angles from 25' to 164.5' have been obtained. The angle-integrated spectrum and the angular distribution 
of a-particle emission have been deduced from the DDX. The total a-particle emission cross section was 
102 & 8 mb. The present result was compared with the evaluation of ENDF/B-VI and other measurements. 

KEYWORDS: MEV range 10-100, neutrons, neutron reactions, double-differential cross 
sections, natural nickel, multitelescope system, nickel, alpha particles, angular distribution 

I. Introduction 
Cross section data for the reactions of neutrons with 

structural materials t o  produce a-particles are very im- 
portant for the evaluation of radiation damage and nu- 
clear heating in fission and fusion reactors. The (n,  za)  
reaction leads to  a buildup of helium gas, residual ra- 
dioactivities, and the production of recoils from the lat- 
tice. It also induces nuclear transmutation, which can af- 
fect the structural strength of the materials. Theoretical 
understanding of the reaction is limited by the significant 
uncertainties in such quantities as the level density pa- 
rameters, the pre-equilibrium process modeling, and the 
a-cluster preformation probabilities. At neutron energies 
around 14 MeV, several reaction channels open. Conse- 
quently, the (n,  za) reaction cross section is the sum of 
(n,  a), (n,  na),  (n,  an), and possibly (n,  2a) reaction 
cross sections. 

Two methods are used to  measure the helium pro- 
duction data. One method is the helium-accumulation 

with which only the helium-production 
cross section can be given. Another method is the direct 
detection of a-particles to  obtain the double differential 
a-particle production cross section. With the latter one 
can obtain the angular distributions as well as the a- 
production cross sections. However, there are two prob- 
lems in DDX measurements of low counting rates and 
high backgrounds. The latter are due to  y-rays coming 
from t,he (n, n'y), (n, 2n) and (n,  y)  reactions and the 
backgrounds are higher than the (n ,  za) reaction counts 
by a factor of lo3 to  lo6 for an unshielded detector. 

Over the past 20 years, some new detection sys- 
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tems have been developed to detect a-particles, for ex- 
ample, the charged particle time-of-flight (TOF) spec- 
trometer at Ohio University(3), the magnetic quadrupole 
spectrometer at Lawrence Livermore National Labora- 
tory(4), the multitelescope systems at Vienna Univer- 
~ i t y ( ~ )  and University of Science and Technology of China 
(USTC)@), and the wide range charged particle spec- 
trometers at Tohoku University") and Los Alamos Na- 
tional Laboratory@). The energy spectra and angular 
distributions of emitted a-particles have been studied for 
some structural materials with these detection systems. 

Since 1986 the researchers of USTC have built a multi- 
telescope system similar t o  that of Vienna Uni~ersi ty(~) .  
The energy loss (AE) signal, the pulse-shape discrimina- 
tion (PSD) signal and the energy ( E )  signal are gathered 
and their combinations are used to  identify protons, a- 
particles and y-rays. A thick target technique(g) has been 
employed to  increase the event rates and decrease statis- 
tical errors. In this way it became possible to  measure 
the high energy parts of the spectra with much better 
accuracy than with a thin target method, and also the 
results are much less sensitive to  the backgrounds. Some 
(n, z p )  reactions have been studied by using this sys- 
tem(1°)-(12) This paper reports a measurement of DDX 
of a-particle emission from the natNi(n, za) reaction at 
a neutron energy of 14.6 MeV using the USTC system. 

11. Experimental System and Procedure 
The USTC multitelescope system consists of a two- 

layer ring-shaped energy loss detector and a central 
CsI(T1) energy detector as shown in Fig. 1. The outer 
layer of the energy loss detector consists of 32 separate 
proportional counter, which are used to  obtain the en- 
ergy loss signals (A&) of charged particles. The inner 
layer consists of 16 separate proportional counters, and 
their signals (A&) serve as one of the triple-coincidence 
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Fig. 1 The USTC multitelescope system: (a) top view and 
(b) side view 

signals. A target foil was laid on one-half of the tar- 
get holder (covered with a 0.3mm lead foil) and a lead 
foil for background-measurement was placed on the other 
half of the target holder. Lead has very small cross sec- 
tions of the (n, a) reaction (< lmb) .  The two sets of 
outer 16 counters for both foils were used for simulta- 
neous measurement of the foreground and background, 
respectively. The top- and ground-plates of detector sys- 
tem were covered with a 1-mm thick tungsten foil to stop 
all charged particles produced in the plates. 

A CsI(T1) crystal, l m m  in height and 25.4mm in di- 
ameter, was used as an energy detector. A 20-cm long 
Fe bar was used to  shield the CsI(T1) detector from neu- 
trons. The distance between the neutron source (T-Ti 

target) and the CsI(T1) was 400mm. The angular ac- 
ceptance function of each outer counter was calculated 
by using a Monte-Carlo method (lo6 events) according 
to geometric relation(13). 

Each of the outer proportional counters, in conjunc- 
tion with the central CsI(T1) crystal, acts as a normal 
counter telescope that allows measurement of particle 
energy and identification of particles. The telescopes 
correspond to reaction angles of 25', 32.8', 43.9', 55.0', 
67.2', 77.1°, 88.3", 98.3", 108.6", 117.9', 128.0', 136.6', 
144.3', 151.9", 157.8" and 164.5'. 

The proportional counters were operated with a gas 
mixture of 95%Ar+5%C02 at a gas pressure of 0.01 MPa 
and at a voltage of -620V. 

An elemental nickel target with a 0.5 mm thickness and 
a 40 x 288mm2 area was used. The target thickness is 
selected to be thick enough to stop the maximum energy 
a-particles from the reaction. 

Figure 2 is a simplified electronics block diagram. 
The electronics system consists of two parts: the elec- 
tronic signal readout circuits and the CAMAC data col- 
lection system. For each (n, za) reaction event, five sig- 
nals, AE,  E ,  PSD, TIME and ADDR, are recorded se- 
quentially on a disk in an on-line computer. 

A charged particle produced by a neutron-induced re- 
action at the target foil must traverse one of the outer 
proportional counters and produces both analog and dig- 
ital (ADDRess readout) signals. The digital signal is fed 
to an address logic and transformed into five-bit address 
that identifies the active counting wire. The analog pulse 
is amplified, and fed into a linear gate. At last, all 32 
analog signals are combined into one and fed into ADC. 

The CsI(T1) scintillator is used to produce both E and 
PSD signals. The PSD signal is fed into a slow coinci- 
dence (SC) circuit and the SC circuit produces an SC 
signal that acts as a strobing signal to open all ADC 
gates. The TIME signal was made by the time difference 
between the signals from one of the outer layer counters 
and the CsI(T1) detector. 

+-A Controller 
CAMAC 

Csl TI) & 
0 0 0  

NIM Crate CAMAC Crate ComDuter 

On-line 

Computer 

Fig. 2 Block diagram of the electronics system 
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A new intelligent CAMAC crate controller was de- 
signed to  control the ADC circuits and communicate 
with the on-line computer. Data are recorded in a buffer 
region of the CAMAC crate controller. When the buffer 
region is full or the collection of data is completed, the 
data are read out and stored in a disk by the host com- 
puter. 

Neutrons of 14.6MeV were produced by a 150-kV 
Cockcroft-Walton accelerator at USTC. The target was 
irradiated for about 120 h at  a neutron source strength 
of 3 x lo9  nls. The neutron flux was determined by using 
the associated a-particle method. During the entire ex- 
periment, one background telescope was equipped with 
a weak 241Am a-source to monitor the energy calibra- 
tion of the CsI(T1) crystal. The energy resolution of 
the telescope is 8.0% for the 5.486 MeV a-particles from 
the 241Am a-source. The stability of the entire measur- 
ing system was checked continually by monitoring count 
rates of the important signals. The target foil was ro- 
tated by 180' at the midpoint of the experiment to  re- 
duce asymmetry effects between the two different halves 
of the reaction chamber. 

111. Data Analysis and Results 
Data analysis was performed according to the follow- 

ing processes. First the PSD spectra and the AE spectra 
were used to discriminate particles. The PSD spectra 
show a good separation among protons, a-particles and 
y-rays, as shown in Fig. 3. The two-dimensional spec- 
tra for combinations of two of AE,  PSD and E signals 
were used for further discrimination of particles. Fig- 
ures 4(a) to  (c) show three two-dimensional spectra for 
AE-E, E-PSD and AE-PSD, respectively. From the 
AE-E spectrum we see that A E  achieves good separa- 
tion in the low energy region, while PSD shows good 
identification in the high energy region as shown in the 
E-PSD spectrum. Combining the two advantages we 

. 

- 

1600 I I 
7 *' 

-. -. 

I I 

0 50 100 150 200 250 300 
PSD 

PSD spectrum for the natNi(n, za) reaction Fig. 3 

can identify particles clearly as seen in the AE-PSD 
spectrum. Then the chance coincidence counts were 
eliminated by using the TIME spectrum as shown in 
Fig. 5. Background counts were rejected by subtract- 
ing the background spectrum from the foreground spec- 
trum channel by channel as shown in Fig. 6. After 
these processes the thick target a-particle emission spec- 
tra N ( E ,  0) were obtained for the 16 reaction angles. 
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(a) AE-E spectrum 
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(c) AE-PSD spectrum 
Fig. 4 Two-dimensional AE-E, E-PSD and AE-PSP 

spectrums 
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8oo L 
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. %  -. I L - . . . L . .  

0 50 100 150 200 250 
Time (Channel) 

Time spectrum of the natNi(n, za) reaction Fig. 5 

- .  - .  - Background 
. . . . . . . . . 

0 10 20 30 40 50 
Energy (Channel) 

Fig. 6 Foreground, background and net energy spectra for 
the natNi(n, za) reaction at 25' 

In order to obtain the double-differential a-particle 
emission cross sections, N ( E ,  0) must be unfolded. This 
was done by numerically differentiating the quantity 
N ( E ,  O)(dE/dz)  with respect to  d9),  where ( & / d z )  is the 
specific energy loss for a-particles of energy &(I4). 

First the energy spectrum N ( E ,  0) was multiplied by 
the ( & / d z ) ( E i ) ,  where ~j is the energy of channel i, and 
the resulting spectrum 

was differentiated by calculating 

giving the equivalent thin target spectrum. At last, the 
double-differential a-particle emission cross sections were 
obtained for the 16 reaction angles as the following: 

(3) 
d 2 a  - AT'(&, 8) 
-- 
d&dQ AaAR@,Snq ' 

where AT'(&, 8) is the counts in the energy region of E 

to  E + AE and at the reaction angle 8, ASZ the solid angle 
of the CsI(T1) detector to the target, Qn the total neu- 
tron fluence, S the target area for each telescope, n the 
number of atoms in a unit volume and q is the detection 
efficiency. Figure 7 shows the double-differential cross 

sections at the reaction angle 88.3". 
The data errors consist of statistical errors of la and 

systematic errors. The total systematic error is 6.2%, 
which consists of the errors of the neutron flux 3.3%, 
the target height 2%, the solid angle of the central de- 
tector 3%' the dE/dx  value 2%, and the data reduction 
procedure 2%' and other possible uncertainties 3%. 

The angular distributions can be described well by a 
series of the Legendre polynomials up to 1 = 2 

(4) 

The angle-integrated a-particle emission cross sections 
were derived from the least-squares fit of the Legendre 
polynomials up to  1 = 2 to the experimental d2u/d&dQ 
values. Figure 8 shows the angle-integrated cross sec- 
tions in comparison with the experimental results by 
Grimes et u1.(4) and Baba e t  aZ.('), and the ENDF/B- 

2 4 6 8 10 12 14 16 
Alpha-particle energy (MeV) 

Double-differential cross section of the natNi(n, za) 
reaction at 88.3' and at a neutron energy of 14.6 MeV 

Fig. 7 

100 

5 10 
E a 
4 
b 1  

v 

m 

0.1 
2 4 6 8 10 12 14 16 18 

Alpha-particle energy (MeV) 

Fig. 8 Angle-integrated a-particle cross sections of the 
nat Ni(n, za) reaction 
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1 11-13 MeV I 

0 30 60 90 120 150 180 
Reaction angle (Deg.) 

Fig. 9 Angular distribution of a-particle emission from the 
Ni(n, za) reaction nat 

VI evaluation. In the low energy region the present re- 
sults are slightly higher than those of Grimes and Baba, 
but agree with their values within the quoted errors in 
the high energy region. The ENDF/B-VI evaluation is in 
good agreement with the present result in the low-energy 
region but slightly lower in the high-energy region. 

The experimental angular distributions of the a- 
particles are shown in Fig. 9. In order to show the 
change of the angular distribution with the a-particle en- 
ergy, angular distributions are shown for three a-particle 
energy regions of 4-7MeV, 7-11MeV and 11-15MeV. 
They show a slight forward-backward asymmetry in the 
higher energy region and the equilibrium emission is 
dominant. 

The total a-particle emission cross section is obtained 
as 102 f 8mb. Figure 10 shows the total a-particle 
emission cross section of natNi in comparison with the 
experimental results by Graham et aZ.(15), Kneff e t  aZ.(16), 

Grimes et aZ.(*) and Baba et u Z . ( ~ ) ,  and the evaluations 
by ENDF/B-VI(17), JENDL-3(18) and CENDL-2(lg). The 
present result is in agreement with the results of Grimes 
et al. and Kneff e t  aZ. within the range of error. 

IV. Summary 
We have measured the double-differential natNi(n, za) 

reaction cross section at a neutron energy of 14.6 MeV for 
16 reaction angles using a multitelescope system. Parti- 
cles have been identified by using two-dimensional AE-E 
E-PSD and AE-PSD spectra. A thick target technique 
was used to increase event rates and decrease statisti- 
cal errors. The result is in good agreement with other 
experiment a1 results. 
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