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ABSTRACT

The neutron yields and energy spectra produced by charged
particle bombardment are evaluated. The neutron energy spec-
tra are fitted to two or three Maxwellian-type components.

The lowest energy component corresponds to the evaporation
neutrons from a compound nucleus having a nuclear temperature
independent of the neutron emission angle and the higher two
components to the pre-equilibrium neutron emission having
a nuclear temperature depending on the angle.

INTRODUCTION

The information on secondary neutron production, such as
energy spectrum, angular distribution and total neutron yield,
for various projectile and target combinations is quite impor-
tant for the shielding design of high energy accelerator
facilities, since these neutrons become the predominant radia-
tion source. Many works have been done on secondary neutron
production from thick targets bombarded by charged particles,
as is summarized in ref. (1). The data of neutron yields pro-
duced by projectiles except proton are still very scarce. A
simple empirical formula predicting total neutron yield and
its angular distribution has heen introduced?’ from the rather
dispersed and incomplete experimental data and some theoreti-
cal results in the published papers. For neutron energy
spectra from thick targets, our work®’-4’ js the only one on
their analysis connected with the mechanism of producing neu-
trons from nucleon-nucleus and nucleus-nucleus collisions, ex-
cept for the neutron spectrum analysis on the basis of the
Serber model for deuteron stripping 5’97,

PHENOMENOLOGICAL HYBRID ANALYSIS OF NEUTRON ENERGYCTRA

It can be considered that the energy spectrum of neutrons
produced by 1ight-mass heavy-ion bombardment is composed of
the following four components:

1) Evaporation spectrum in the low energy region corresponding
to neutron emission from an equilibrium state.

2) Higher energy spectrum coming from pre-equilibrium neutron
emission. o

3) Knock-on spectrum in the forward direction due to the
direct process.

4) Only for 3He and d projectiles, a broad bump in the forward
spectrum produced from the breakup reaction of projectiles,
(d,np) and ( 3He,n2p) reactions.

The evaporation neutron spectrum of the thick target
observed in the lab system, ®(E ,8),is given hy
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where Es is the initial kinetic energy of the projectile in

MeV; Eun is the threshold energy of the neutron-producing
reaction in MeV; N is the atomic density of the target in
atoms/cm®; E; is the projectile kinetic energy in the target
in MeV; and dEi/dx is the stopping power of the projectile in
MeV/cm; € is the neutron energy in the c.m. system in MeV; E
is the neutron energy in the lab system in MeV; 0 nonei is the
nonelastic cross section; K is the total number of evaporated
neutrons per nonelastic collision; and T is the nuclear tem-
perature in MeV.

When the target atomic mass Mt or the initial kinetic
energy of the projectile Ee is large, € comes close to E.
Therefore, ®(E ,8) in Eq. (1) becomes a function of E exp(-E
/T ) and®(E ,6)/ E indicates the exponential form exp(-E /T
). : :

The neutron spectra emitted from the precompound nucleus
state can also be expressed in the Maxwellian-type spectrum
above the transition energy from equilibrium emission to pre-
equilibrium emission. Differently from the evaporation proc-
ess, however, the nuclear temperature, T’, of a precompound
nucleus in a pre-equilibrium state is dependent on the neutron
emission angle 6. The neutron energy spectrum from the pre-
equilibrium emission can he expressed as
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similarly as eq. (1). The T’ value is higher than the nuclear
temperature T of a compound nucleus in an equilibrium state
and decreases with the emission angle, since the neutron emis-
sion from the hotler pre-equilibrium state occurs in a more
forvard direction.

Just for comparison, an analysis of a thin-target neutron
energy spectrum is briefly described here which was published
in refs. (7,8) The neutron production ctoss section differen-
tial in energy and angle, d2¢ /dEd Q, is peeled off into
components, as

d’s _ n S
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where n=3 in ref.(7) and n=4 in ref.(8). This spectrum analy-
sis is quite similar to our analysis for a thick-target neu-
tron 'spectrum.

COMPARISON WITH EXPERIMENTAL RESULTS

As examples among of several experimental results, Fig-
ures 1 and 2 show the neutron energy spectra divided by ener-
gy, ®(E ,8)/E , of copper target bombarded by 65 MeV a @
and of iron target by 710 MeV a '®’, respectively. In Fig.l,
the neutron spectra are clearly divided into two components.
The higher energy components are well fitted to Eq. (2) corre-
sponding to the pre-equilibrium emission, whose nuclear tem-
perature T°( @) varies from 7.3 MeV at  6=0 deg to 3.5 MeV at
0=135 deg. The lower energy components show a good agreement
with the evaporation spectrum of nuclear temperature T=2.1
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with the evaporation spectrum of nuclear temperature T=2.1
‘MeV calculated from Eq.(1). While on the other hand, the neu-
-tron spectra in Fig. 2 are divided into three components. The
lowest component corresponds to-the evaporation spectrum and
the other two belong to the pre-equilibrium neutron emission.
The nuclear. temperatures T'(0) of the intermediate compo-
nents are around 5-10 MeV and- almost independent of 8, but
the higher T'(8) values are several tens of MeV and strongly
dependent on 6.

In Figs. 1 and 2, the speclra show a broad bump from
their exponential form in the forward direction. This bump
spectra may come from the direct knockon process.

Fig. 3 shows the nuclear temperature of the evaporation
componend of the neutron spectrum as a function of initial
projectile energy Ea. It increases with projectile energy
and decreases with increasing target mass number, but does not
depend so much on ihe type of projectile, and approaches a
saturated value at about 100 MeV. For T’ (8), the data are
too small to discuss their dependence on [e and target atomic
number.

TOTAL NEUTRON YIELD

The total neutron yield can be obtained by integrating
the neutron energy spectrim & (E ,0) as

Eo
V(= 27 ] sined 6] (5,000 O)

but the experimental data on neutron spectrum are usually
given in the energy region higher than a few MeV. Then, neu-
trons of energy lower than a few MeV can be approximated to he
produced by the evaporation process having a Maxwellian energy
distribution given by

# (EY=CF0xnC-E/T), ®

vhere T is the nuclear temperature and C is a normalization
constant. The total yield of evaporation neutrons below
certain energy, Ecut, can be given by

Ecut
Varou(En= 2m[Tsin 00 6 SE exp ) dE
= 4L T-CEentrDexp(- E22)] . (6

The total neutron yields Y(Es) thus obtained are shown
in Fig.4 as a function of projectile energy per nucleon in
MeV/amu for various projectile and target combinations cited
from two summarized papers!''’-12). This figure indicates that
the dependence of total neutron yield on the target atomic
number’ becomes less for the heavier projectile and the total
neutron yield increases with the increase of the projectile
mass, excluding the deuteron beam which causes the stripping
reaction. It is needed to have much more data on neutron pro-
duction by various projectiles other than proton.
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Fig.1 Analytical fitting of the measured neutron spectra
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divided by the neutron energy E of ®(E, 8)/E at
emission angle 8 from copper target by 65MeV alpha
ion bombardment to two Maxwellian-type spectra.

T

T T T T
710 MeV alpha on Fe 1
N + 0 deg ]
14 o 15
070 I B 30 -
! Q o 45 i
o o 60
Q e 90
v A 120 7
1074 ".'—,, 4 150 .
S |
- R \Q‘ D ¥+ + o+ 4
's 00
.g L AP Q Ul 0 + _
—6 N o 0 a -
'_I" 10’5 - N o D - -
b3 L A D -
Ry 3
E L " g
108 N .
a (4
E : -
B 07 -
10 A o
i3 P R W | AN | N
10 0 50 100 150

Neutron energy (MeV)

Fig.2 Analytical fitting of the measured neutron spectra
®(E, 8)/E from iron target by 710 MeV alpha ion
bombardment to three Maxwellian-type spectra.
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Total neutron yields per incident ion for various
projectile-target combinations.



