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The neutron energy spectra and angular distributions have been measured for thick targets of °Be,
'81Ta, and '*”Au bombarded by 40—-60 MeV alpha particles. These data as well as those of other au-
thors have been analyzed in terms of the extended exciton model formalism of nuclear reactions.
The model takes into account the emission of neutrons through the single-step direct, multistep
direct, multistep compound, and compound-nuclear evaporation processes.

I. INTRODUCTION

Medium-energy (~10-50 MeV/nucleon) accelerators
are being increasingly used for studies in such diverse
fields as material damage studies, production of intense
neutron sources, radiation therapy, etc. For these stud-
ies, a knowledge of the spectral distribution of neutrons
emitted as a result of accelerated charged particles strik-
ing a thick target (where the projectile is totally stopped)
is important. Most of the work on neutron production
from the irradiation of thick targets by charged particles
has been done with proton projectiles over a wide energy
range.! There are also published results of thick-target
neutron yield using deuterons, particularly on berrylium
and lithium targets which are used as neutron sources for
radiation therapy.! In contrast, neutron spectra from
thick targets and alpha projectiles have been sparsely re-
ported for alpha energies in the range of tens of MeV.
The earliest measurements in this energy range were
made by Wadman? for 40 and 80 MeV alpha on '*!Ta.
Other measurements have been reported by various au-
thors® mostly for alpha energies below 15 and above 500
MeV. More recently, Shin et al.* have reported neutron
yield distributions from thick targets of carbon, iron,
copper, and lead bombarded by 65 MeV alphas. In this
paper we report the neutron energy distribution at vari-
ous angles obtained by bombarding thick targets of °Be,
181Ta, and '’Au with alpha projectiles at incident ener-
gies of 40 (for 7 Au), 50 (for Be and '*!Ta), and 60 MeV
(for '81Ta).

In addition to the paucity of data on neutron yields
from thick targets irradiated with alphas, the reaction
mechanisms for neutron emission from thick targets are
not well understood. From the point of view of studying
nuclear reactions, thick targets have an advantage over
thin targets in the sense that measurements at extreme
forward angles are possible and these data are expected to
explain the role of direct reaction processes. However,
unlike the case of thin targets where the reaction takes
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place at a given projectile energy, the measured spectrum
from thick targets is a superposition of spectra corre-
sponding to projectile energies continuously decreasing
from its initial value to the threshold for neutron produc-
tion. Nevertheless, if depletion of projectile energy inside
the target is taken into account, a proper theoretical
analysis is expected to give some understanding of the re-
action mechanisms involved.

The data on neutron yield from various thick-
target—projectile combinations have mostly been ana-
lyzed in terms of Monte Carlo calculations of the in-
tranuclear cascade (INC) and evaporation models. These
calculations, however, are constrained by the lower limit
set on the projectile energy. For instance, Nakamura
et al.®> and Shin er al.* had obtained the neutron yield
data from the bombardment of thick targets of C, Fe, Cu,
and Pb by 30 and 50 MeV protons, 33 MeV deuterons,
and 65 MeV 3He and alphas. They used Bertini’s code
MECC-7 of the INC and evaporation models for the
analysis of the 50 MeV proton data alone since this code
is valid for projectile energies greater than 50
MeV/nucleon. Lower projectile energies of 16.1
MeV/nucleon for deuterons, 17.6 MeV /nucleon for *He,
and 22.1 MeV/nucleon for alphas can be treated by the
LHI (light heavy ion) code which uses the same INC and
evaporation model of MECC-7. But even this code could
be used only for the 33 MeV deuteron and 65 MeV 3He
data of Ref. 4 and not for the 65 MeV alpha since the
projectile energy in the last case is well below the lower
limit for alpha projectile (22.1 MeV/nucleon) in the LHI
code.

To avoid this constraint of Monte Carlo calculations,
Nakamura and Uwamino® invoked the well-known pree-
quilibrium and compound-nuclear emission mechanisms
of nuclear reactions to phenomenologically analyze the
neutron yield data from thick targets. They made the
common assumption that both the preequilibrium and
evaporation spectra can be described by Maxwellian-type
functions with different “temperatures” or slope parame-
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ters of the logarthimic yield as a function of neutron en-
ergies and emission angles. From a systematic study of
the experimental data, Nakamura and Uwamino obtained
an empirical expression for the “temperature” for the
compound-nuclear emissions.

It was observed by these authors that the “tempera-
ture” for the compound-nuclear evaporation shows a
dependence on the neutron emission angle for low-mass
target nuclei, but this angle dependence vanishes with
heavier targets. In the case of the preequilibrium com-
ponent, however, the “temperature” is dependent on the
emission angle for both light and heavy targets. It was
found to decrease with increasing emission angle but oth-
erwise no systematic trend could be discerned in the be-
havior of the preequilibrium “temperature” to obtain
even an empirical relation.

For a better understanding of the reaction mechanism
for the emission of neutrons from thick targets, we have
used here the well-known exciton model for preequilibri-
um emissions and the Weisskopf-Ewing calculations for
compound-nuclear evaporations. There are various ver-
sions of the exciton model, all of which can explain the
angle-integrated preequilibrium ejectile spectra quite sat-
isfactorily. These models, however, fail to account for
the observed angular distributions in preequilibrium
emissions, particularly at backward angles where the
models underpredict the cross section by as much as an
order of magnitude. In order to remove these discrepan-
cies, Kalbach and Mann’ (KM) made a systematic study
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of a large number of angular distribution data from reac-
tions induced by proton, deutron, *He, and alpha projec-
tiles and found that the observed angular distributions
can be described in terms of Legendre polynomials whose
coefficients are given by simple phenomenological rela-
tions. A good fit of the calculated angular distribution
from the KM parametrization with the exclusive angular
distribution of neutrons from (a, xny) reactions on thin
targets has been reported by Fields et al.® In the present
work we use the same formalism to study our inclusive
neutron spectra from thick targets. For this purpose we
have modified Kalbach’s code PRECO-D2,° which incorpo-
rates the above formalism, to calculate thick-target neu-
tron yield.

II. EXPERIMENTAL PROCEDURE

The experimental arrangement is shown in Fig. 1. Ac-
celerated alpha particles of different energies from the cy-
clotron at the Variable Energy Cyclotron Centre, Calcut-
ta, bombarded thick targets of °Be, *'Ta, and '’ Au. The
beam energy resolution was about 200 keV for 40-60
MeV incident alphas. The projectile energies, the targets
used, and their thicknesses are shown in Table I. The
targets (25 mm in diameter) were fixed perpendicularly to
the beam axis. The thicknesses of the targets are such
that the incident alphas are completely stopped in the
target while the scattering and absorption of neutrons
produced in the target are negligible. The neutrons emit-
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FIG. 1. Schematic diagram of experimental arrangement with associated electronics.
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TABLE 1. List of targets, projectile energies, and target
thicknesses.

Target Energy (MeV) Thickness (mm)
°Be 50 3.0+0.05
18T 50,60 4.0+0.05
YTAu 40 0.8+0.05

ted at 0°, 30°, 60°, and 90° with respect to the incident
beam were measured with a 52.4 mm ¢X52.4 mm NE-
213 liquid scintillator kept at a distance of 1.4 m from the
target. The detector angle of acceptance was 2.14° and
energy resolution was ~20%.

A collimator at a distance of 20 cm in from of the tar-
get was used to restrict the beam size to about 10 mm.
The collimator was electrically insulated from the target
as well as the beam tube. The beam current was mini-
mized on the collimator and maximized on the target.
The beam falling of the collimator was always kept below
0.5% of the beam on the target, thus reducing the back-
ground neutron contribution to negligible proportions.
The number of particles incident on the target was mea-
sured by the current integrator connected to the target.
The target was surrounded by a suppressor grid (—100
V). Beam currents used for the present work are of the
order of 100 nA except in the case of the Be target where
about 20 nA of beam current was used. The maximum
uncertainty in beam-current measurement was estimated
to be 5%.

In order to estimate the background contribution from
the room-scattered neutrons, a shadow bar was inter-
posed between the detector and the target. The prespex
shadow bar of length 100 cm and diameter 10 cm stops
the direct contribution of the neutrons produced from the
target. Measurements taken with the interposed shadow
bar give the room-scattered component which was sub-
tracted from the original spectrum. It was observed that
the background neutrons contribute between 5 and 10 %
to the neutrons measured without the shadow bar. The
spectra reported are corrected for this scattered com-
ponent. An example of the raw neutron yield data with
and without the shadow bar is shown in Fig. 2.

The light output pulse and the corresponding rise time
of the pulse was collected in a two-parameter mode using
a high-speed data-acquisition system based on computer
automated management and control (CAMAC) for
Norsk Data ND-560 computer. The hardware and
software details of the system are given in Ref. 10. The
pulse from the anode of the photomultiplier was analyzed
for its shape and then fed to a time-to-amplitude convert-
er (TAC). The output of the TAC serves as input for one
parameter which gives the rise-time distribution of the
pulses. The pulse from the last dynode of the photomul-
tiplier after proper amplification and delay is the input
for the other parameter which gives information on the
energy distribution of the pulses. An off-line discrimina-
tion of the neutron and gamma pulses was carried out
from the two-dimensional display of the data and a prop-
erly constructed banana gate. This method enables accu-
rate discrimination of neutron and gamma pulses based
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on their difference in rise-time distributions over a wide
dynamic range. The energy calibration of the system was
done by *’Cs (0.66 MeV) and **Na (0.51 and 1.2 MeV)
gamma rays.

The pulse-height output distributions were unfolded to
obtain neutron energy spectra with the revised FERDO
unfolding code using the Monte Carlo calculated
response functions.!! The errors associated with the un-
folded distributions are (i) the statistical error associated
with the measurement, (ii) the error arising from the
discretization of a continuous spectrum and response
function, and (iii) the statistical error inherent in the
Monte Carlo calculation of the response matrix.

The statistical error associated with the measurement
is low for high neutron yield (low-energy neutrons) and
higher when the neutron yield is low (higher neutron en-
ergies). For low-energy neutrons, this contributes
~5-10 % of the total error, while for higher-energy neu-
trons this contributes ~15-20 % of the total error. The
discretization error is less than 1% of the total error and
does not change appreciably with neutron energy. The
maximum contribution to the error comes from the sta-
tistical uncertainty associated with the calculated
response functions. At low energies this constitutes
85-95% and at high energies 75-85% of the total
error. The total error varies from about 2 to 5 % of the
yield at high neutron yields (~107° neutrons
MeV !sr lalpha™!) to about 80% at very low yields
(~107° neutrons MeV ~!sr~!alpha~!). All these errors
are included in the error bars in Figs. 2-7.

III. RESULTS AND COMPARISON
WITH REACTION MODEL

A. Experimental results

In Figs. 3-6 are plotted the neutron energy spectra
¢(g,0) with the corresponding errors for 50 MeV alphas
on °Be, 50 and 60 MeV alphas on '®!Ta, and 40 MeV al-
phas on 197Au at emission angle of 6=0°, 30°, 60°, and
90°. The data given are normalized to one incident alpha
particle on each target.

The following observations can be made from the neu-
tron spectra in these figures.

(1) Two components exist in the measured distributions
from '81Ta and !’ Au, one below 10 MeV corresponding
to evaporation neutrons and the other above 10 MeV due
to the neutrons from the preequilibrium processes. The
preequilibrium component decreases with increasing an-
gle as expected.

(2) A shoulder or bump is observed in the energy spec-
tra at lower emission angles. This starts around 10 MeV
for 50 and 60 MeV alphas on !8!Ta at emission angle 0°.
A similar but less prominent bump can be observed for
40 MeV alphas on '*’Au at emission angle 0° and for 60
MeV alphas on !8!Ta at emission angle 30°. The oc-
currence of this bump at 0° for 40 and 50 MeV projectiles
and its absence at higher angles indicates that it results
from direct reaction processes.

(3) Neutron spectra from 50 MeV alphas on °Be do not
match in shape with the spectra from other targets.
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FIG. 2. Example of the raw neutron spectra obtained with
(0) and without (@) shadow bar for ! Ta target and 60 MeV in-
cident alpha at 0° laboratory angle.
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There is, however, a low-energy component, arising
presumably from evaporation neutrons, and also a high-
energy component decreasing with increasing angle and
therefore presumed to be the preequilibrium component.
In addition, there is a third component occurring in be-
tween the two in the neutron energy region from 10 to 25
MeV at all emission angles. In this region the neutron
yield remains more or less constant with respect to emis-
sion energy. A multibody breakup of °Be through a
bombardment rather than the well-known neutron emis-
sion through the formation of a 2C residual nucleus may
be responsible for this component of the spectrum.

B. Theoretical calculations

For the theoretical analysis of the preequilibrium com-
ponent of the measured spectrum, we have used the exci-
ton model formalism of Griffin as extended by Kalbach!?
to include contributions from the statistical multistep
direct (MSD) and the statistical multistep compound
(MSC) processes of the Feshbach-Kerman-Koonin
quantum-mechanical theory!® of preequilibrium nuclear
reactions. In the MSD process, at least one of the excited
particles is in the continuum at each stage of the relaxa-
tion process, while in the case of MSC emissions all excit-
ed particles are bound and emissions take place through
statistical fluctuations. The ejectile angular distributions
are forward peaked in the MSD emissions and in the case
of MSC they are symmetric about the 90° center-of-mass
angle.

In the exciton model, the target-projectile composite
nucleus is assumed to reach compound nucleus equilibri-
um through a cascade of two-body interactions. Each

10 T T

T 1 10 T T T T T
r °Be + o , Eg=50 MeV
8,00 [ )

LAB =30°

Neutron Yield (MeV 'sr ™ aipha ™'}

10 L Il Il | 1 J

*Berar , Ep =50MeV

1 10 T T T 1 10 L T ™

*Be+ o , E,=50MeV
0, g = 60

°Be+ o , Eq = 50MeV
8, pp= 90

{

0 1 1 ] | 10‘8 1 1 1 I

1
38 45 3 13 23 33 43 3 13 23 33 43
Neutron Energy (MeV) Neutron Energy (MeV)

10
3 10 177 2 31 38 45 3 10
Neutron Energy (MeV)

7 224 3t
Neutron Energy (MeV)

FIG. 3. Neutron spectra from °Be target with 50 MeV alpha at 0°, 30°, 60°, and 90° emission angles. Experimental data are plotted
in solid circles with error bars and the solid lines are the theoretical calculations of the extended exciton model of Kalbach (Ref. 12).



43 NEUTRON PRODUCTION FROM THICK TARGETS BOMBARDED ... 1859
-4 -4 -4 -5
10 ¢ T T T 0 7 T T T L e e T T T 1
E e L 181 F et N e
r Ta+ & , Ex= 50MeV Ta+X , Ex= 50MeV r Ta+ o, Ey= 50MeV Ta +, Eqo=50MeV
8 ap= 0 3 8 pp = 30° 8.ap=60° " 8 pp90°
- - -5 -6
0 1071 0 0"
S 5 z A
T [ [ [ L i
~ - o - + 1]
=
5 | I s '
- -6 -8 -6 =7 $
L 10 0 10 10 i
E F E E 3
T g g
3 i s 3 [ H
= - - I I }
- - : - 3 t
> .7 -7 -7 -8 {
= 10 E— 10 E_ 10 E—- 10 E—
s E E F {
s [ [
z - o - -
0 S S 107
- S| - -0
0°° R T S T U el o1 M [ S
1 L] 17 25 33 4 1 9 17 25 33 I3 1 7 13 18 25 3 37 3 A\ 19 27 35

Neutron Energy (MeV)

Neutron Energy (MeV)

Neutron Energy (MeV) Neutron Energy (MeV)

FIG. 4. Same as Fig. 3 for '®!Ta target and 50 MeV incident alpha.

stage of the binary cascade is characterized by the num-
ber of excited particles (p) and holes (h) termed as exci-
tons. Emissions can take place from any stage of the
binary cascade.

The total preequilibrium differential cross section
O prel Eg;€) is the sum of the MSD and MSC components
omsplE, ), respectively,

where E, and ¢ are the projectile and ejectile energies, re-
spectively. Kalbach!? evaluates the MSD component
from the relation

p
GMSD(Ea’£)=0abs 2 Sd(p’h)Tu(P’h)}‘"I;(prh’s) >
P=Py

(2)

where o, is the absorption cross section of the projectile

O prel Eq;€)=0msp(E 3 €) T o pmsclEgiE) (1) by the target, p, is the number of particles excited at the
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FIG. 5. Same as Fig. 3 for '3!Ta target and 60 MeV incident alpha.
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first stage of the binary cascade, and p is the number of
excited particles in the equilibrated compound nucleus.
The summation over p ensures contributions from all
stages of the cascade. S;(p,h) is the probability of the
formation of the (p,h) configuration with at least one un-
bound particle from earlier configurations which all had
at least one particle in the continuum. 7,(p,h) is the
mean lifetime of the (p,4) configuration and A}(p,h,e) is
the emission rate of the b-type particle with energy e
from the (p,h) configuration. Kalbach!? calculates
S,(p,h) and T,(p,h) by separately evaluating the phase-
space available to the bound and unbound excited parti-
cles in each (p, 4) configuration.

The total preequilibrium cross section o (E,;¢€) is
evaluated using the standard Griffin exciton model and
the MSC component is obtained as

UMSC(Ea;E)ZUpre(Ea;8)_0MSD(E0;8) . 3)

Also included in the Kalbach formalism are two classes
of direct reactions which are not taken into account in
the calculation of the MSD component from Eq. (2).
These are the nucleon transfer and nucleon knockout re-
actions. These are evaluated semiempirically. The nu-
cleon transfer cross section o N(E,;¢€) is obtained from

(2S,+1)A,e0b (¢)
(28,+1) Az,

Aa 2n

E,+V,

6n

on(E,;€)=0.0127

n

2860
AR

XKqp

Ar

plh!
ot !

X

X == o(p, b, U) (4)
g

where S, and S, are the intrinsic spins of the projectile
and the ejectile, respectively, and 4, and A, are mass
numbers. o2 () is the inverse cross section. Z; and 4,
are the charge and mass numbers of the target and Ay is

the mass number of the residual nucleus. The quantities
E, and ¢, are the laboratory and center-of-mass energies

of the projectile and ¥V, is the average potential seen by
the projectile in the direct reaction region. It is taken to
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be one-fourth of the real central well depth:
V,=50A4,/4 MeV. p_ and p, are the number of stripped
protons and neutrons and h, and h, are the number of
picked-up protons and neutrons p =p_+p,, h=h_+h,,
n,=p,+h,, n,=p,+h,. Theconstant K, , gives a fac-
tor of 12 enhancement to the nucleon transfer whenever
the projectile and the ejectile are both tightly bound; i.e.,
a nucleon or an alpha particle. It is unity for all other
cases. g, and g, are the single-particle level densities for
protons and neutrons in the residual nucleus and are
given by g, =(Zr/Ar)gr, 8, =(Ng/Ag)gg, where Zp
and Ny are the residual charge and neutron numbers and
gr is the total single-particle level density (g =g, +g,)
of the residual. w(p,h,U) is the particle state density of
the residual nucleus in the (p, ) configuration and excita-
tion U. It is of the form'*

g£+h(U_Ap’h)P+h—1

ook U= e

_Pm_ p’+h*+p+h

A
8r 4gr

ph

where A4, , is the Pauli correction to the partial level den-
sity with p,, =max(p,h).

The origins of the various factors in the semiempirical
expression (4) and their validity are discussed in Ref. 14.
For instance, the transfer of n number of nucleons will be
more probable the longer the time spent by the projectile
in the direct reaction region. This is taken care of by the
factor [ 4, /(E, +V,)]*"; E, +V,, being the projectile en-
ergy in the region of direct reaction, is proportional to
the square of the velocity. The theoretical work of
Iwasaki'® shows the single nucleon transfer probability to
be inversely proportional to the mass number and expects
the transfer probability of n nucleons to vary as the
power n of the probability. This is taken care of by the
factor (2860/Ag)". The proton and neutron transfer
probabilities are expected to depend on the proton and
neutron richness of the target nuclelés and this is account-
ed for through the factor 2Z;/ A7) "

In evaluating the knockout reaction component, Kal-
bach assumes the single-step knockout process in com-
petition with the single-step inelastic scattering of the
projectile and uses the following semiempirical equation
to calculate the knockout cross section:

P8, 8y(U— Ay 4,)

OkolEL;€)=(0,4/13.5)(2S,+1) A, e05 (¢

c=a,b

P, is the probability of exciting a b-type particle-hole pair
through the first two-body interaction. In the present
case b is a neutron and P, is assumed by Kalbach to be
the ratio N/ Ar. A 4, 4,18 the Pauli correction as in (5)
with A4, and A4, replacing p and h, respectively. ¢, is
the energy of the ground-state transition of a particle of
type c. T, is the inverse cross section averaged over all

) )
> (25, + 14,50, +2B.)e,, —B.)*(g,8;/68.)

r

emission energies. g, and g, are the single-particle level
densities of the projectile and ejectile, respectively, and
A, and A, are the mass number of the projectile and the
ejectile respectively. B, is the seperation energy of c-type
particles.

The neutron angular distributions are evaluated
from the KM systematics.” Kalbach and Mann break
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up the preequilibrium angular distribution into two
components—the MSD and MSC with the nucleon
transfer and knockout components included in MSD and
the Weisskopf-Ewing compound-nuclear component
O evap( E4,€) included in the MSC. For a given projectile
energy E,_, the double-differential cross section is

!
o(E,;g,0)=ay(MSD) ¥ b,P,(cos6)
=0

lmax

+ay(MSC) ¥ b;P/(cosb) ,
=0

aO(MSD)Zﬁ[aMSD(Ea;s)-FUN(Ea;S) )
+okolEg e,

ao(MSC):ZI;[UMSC(E,I§5)+Uevap(Ea;€)] .

The coefficients b, are functions of the ejectile energy and
are assumed to be of the form
b= 2] +1
" 1+exp[4,(B,—e—B)] ’

(8)

B being the ejectile binding energy. The parameters A4,
and B, are free parameters and have been obtained in the
KM systematics by fitting with observed angular distribu-
tions as

A,;=[0.036+0.0039/(] +1)] MeV !,
9)
90

[1(+1)]112

B,= 98— MeV !,

C. Calculations for thick-target neutron yield

To calculate the energy and angular distribution of
neutrons emitted from a thick target, we divide the target
into a number of thin slabs, calculate the spectra from
each slab, and sum them to obtain the total emitted spec-
trum. While considering the continuous slowing down of
the projectile, we make the usual assumption® of ignoring
the multiple scattering and straggling of the projectile as
well as the negligible scattering of the emitted neutrons in
the target. The thickness of each slab was so selected
that the alpha projectile loses AE MeV energy in each
slab. The kinetic energy by the alpha incident on the ith
slab E! and the average energy in the ith slab E, are
given by

E!=E’—(i—1)AE ,

. ) ) (10)
E'=(E!+Ei~Y/2.
The slab thickness x; is
E‘;‘+1 dE
= —_— 11
"' fE; —dE /dx ’ an

where dE /dx is the alpha stopping power for the target
material as taken from Ref. 16.
The neutron yield ¢(g,6) at energy € and direction 0 is

given by
#(e,0)= 3 o(E};e,0)Nx;
i=1
i—1 —
2 Uabs(Ea )xk
k=1

Xexp{—N

] .

where N s the target atomic density.
m =(E°—E™)/AE, E™ being the projectile threshold
energy for neutron production. For i =1, the value of
the exponential attenuation factor in (12) is taken to be
unity. )

The value of o(E;¢,0) and o, for alphas of energy
E! are calculated using Eq. (7) for all E,, i=1,...,m.
We have used the code PRECO-D2 written by Kalbach’
which incorporates all the features described above. The
code has been modified to include calculations involving
Egs. (10)—(12). The single-particle level density g is taken
as A /13. The code calculates the projectile absorption
cross sections o, and the inverse reaction cross section
0, using the empirical approximation of Ref. 17. For
the preequilibrium calculations we have assumed that the
incident alpha is removed from the entrance channel by a
two-body interaction with an individual target nucleon.
The initial number of excited particles p, and holes A,
are accordingly chosen as py =S5, hy=1.

D. Comparison with theoretical calculations

The comparison between the theoretical calculations
and the energy spectra at different laboratory angles ob-
tained in the present experiment are shown in Figs. 3-6.
For the purpose of understanding the reaction mecha-
nism, we have also included in the comparison the data of
Shin et al.* from the irradiation of Cu (Fig. 7) by 65 MeV
alpha particles. The calculated yield of the Cu target was
obtained by evaluating the yields separately for %Cu and
%Cu and taking the sum in the proportion of their natu-
ral abundances. The theoretical calculations are in the
center-of-mass frame while the experimental yields are in
the laboratory frame. Except in the case of the *Be tar-
get, there will be no significant change in converting from
one system to the other due to the low velocity of the
center of mass for heavier targets.

It can be seen that, except for °Be shown in Fig. 3, the
calculated energy spectra for all other targets agree well
with experiment for larger angles. For the forward an-
gles the high-energy part is always underpredicted,
though the low-energy part is satisfactorily explained but
less so for the Cu target. Also, for the forward angles,
the bump occurring in the intermediate region has not
been reproduced—the yields are always underpredicted
in these regions.

For the °Be target the agreement of the theoretical
spectra with experiment is poor at all angles. The calcu-
lations do not agree either with the absolute values or
with the trend. Apart from the differences arising out of
measurements in the laboratory frame and calculations in
the center of mass, it should be pointed out that the neu-
tron yield was theoretically calculated assuming the reac-
tion to proceed through the formation of the 2C residual
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FIG. 6. Same as Fig. 3 for '°’Au target and 40 MeV incident alpha.

nucleus. It seems from the observed data between 10 and
25 MeV at all angles that there are significant contribu-
tions from the multibody breakup of °Be which could not
be incorporated in the present formalism.

In order to understand the failure of Kalbach’s extend-
ed exciton model formalism to explain the forward-angle

high-energy component as well as the bumps occuring at
intermediate-energy regions, we have compared the cal-
culated and experimental angle integrated spectra in Figs.
8-10. For this purpose we have broken up the calculated
yield into its components of knockout, nucleon transfer,
MSD, MSC and Weisskopf-Ewing evaporations. The an-
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FIG. 7. Shows the comparison of the theoretical calculations of the extended exciton model of Kalbach (Ref. 12) with the experi-
mental neutron spectra from Cu with 65 MeV incident alpha at emission angles of 0°, 15°, 45°, 75°, and 135°. The experimental results

are those of Shin et al. (Ref. 4).
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gle integration of the experimental data has been per-
formed using the trapezoidal rule. Since there are no ex-
perimental data for angles larger than 90° for ®!Ta and
197 A, the calculated angle-integrated neutron yield and
its components were obtained by integrating the theoreti-
cal angular distribution up to 90° with the help of (7).

For the targets '*!Ta (Fig. 8) and '"’Au (Fig. 9), the
low-energy component (up to ~5 MeV) is reproduced by
the Weisskopf-Ewing evaporation calculations. The
MSD component makes significant contributions for neu-
tron energies between 5 and 20-25 MeV. The MSC con-
tributions are always smaller than the evaporation com-
ponent except at higher neutron energies (above 10 for
40-50 MeV projectiles and above 12 MeV for higher-
energy projectiles). The high-energy component (beyond
20-25 MeV) of the calculated spectra is made up of the
MSD part together with the direct components of nu-
clear transfer and knockout. The latter are the dominant
components at very high neutron energies. Both the
knockout and the neutron transfer are equally important.
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For the Cu target (Fig. 10) the contributions from the
various components are similar except for two features.
First, at low energies the evaporation component is not
sufficiently strong to account for the total yield and the
MSD component is more important. A possible reason
may be that the choice of the single-particle level density
g = A /13 is not a proper value in this case. As is well
known even a small increase in the value of g will result
in a substantial enhancement of the evaporation com-
ponent. Secondly, the contribution from nucleon transfer
[Eq. (4)] is far stronger than that from the knockout com-
ponent [Eq. (6)]. In the nucleon transfer reaction com-
ponent evaluated from (4), the factor 2Z,/ A, )6n” is 0.37
and 0.25 for $Cu and %°Cu, respectively. For '3!Ta and
97Au this factor is of the order of 0.075. As a conse-
quence, the nucleon transfer component for the Cu target
is far stronger.

As can be seen from Figs. 8—-10, the failure of calculat-
ed yields to account for the high-energy component as

T I ! 1 I I L

0 + &, Eo = 60MeV

Neutron Energy (MeV)

FIG. 8. Comparison of the experimental (®) angle-integrated neutron energy spectra from '*!'Ta at 50 and 60 MeV incident alpha
with calculations ( ) of the extended exciton model (Ref. 12). Also shown are the various components of the calculated spectra:
evaporation component (— — —), MSD component (AAA), MSC component (O O O), neutron knockout component (—-—), and
the sum of transfer and knockout components (X X X).
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well as the bump in the intermediate-energy region may
be due to the underprediction of the direct components.
As has been discussed in Sec. II B, the yields from the
direct components of nucleon transfer and knockout have
been calculated using the semiempirical equations (4) and
(5). The parameters in these expressions have been evalu-
ated by Kalbach!* by fitting with experimental data of
®.p), (p,d), (0,0, (p,°He), (p,a), (@,a’), (a,p), (@,d), (@),
and (a,’He) on **Fe, '?°Sn, and !*’Au targets. No data on
(a, n) reactions have been considered in Ref. 14 to arrive
at the values of the various parameters. Some of the pa-
rameters can be altered to some extent to enhance the
contribution from the direct components. For instance,
in the present case of an a projectile and a neutron ejec-
tile, the parameter K, , in (4) has been assigned a value
of 12 by Kalbach. An increase in the value of K, , would
obviously increase the yield linearly. Again, the average
potential ¥, seen by the projectile in the region of nu-
cleon transfer has been taken to be 504, /4. Confining
the region of nucleon transfer to a narrower surface re-
gion would obviously decrease V, and thereby increase
the yield substantially on account of the exponent 2n in
the factor [ A4, /(E,+V,)]*" (n =3 in the present case).
However, we have not undertaken any such modification
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FIG. 9. Same as Fig. 8 for '°’Au target on 40 MeV incident
alpha.
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of the parameters since the data presented in this work
are not sufficient to arrive at any globally optimum value.

The MSD component is the dominant process for the
neutron yield for energies between 5 and 20-25 MeV. At
higher energies it also makes significant contributions to-
gether with the knockout and transfer components. It is,
therefore, interesting to investigate whether the MSD
component can be increased to remove, or at least reduce
the observed discrepancies. The MSD component can be
altered by changing the initial number of excited particles
Ppo and holes h,. We have assumed that the incident al-
pha is removed from the entrance channel by interacting
with a target nucleon to create a particle-hole pair. The
values of p, and h, were taken to be 5 and 1, respectively.
Another way by which the incident alpha can be removed
from the entrance channel to form the target+ projectile
composite nucleus is through its complete dissolution
into four nucleons in the nuclear force field.!® This pro-
cess is most likely to occur at the nuclear surface. In this
case, no particle-hole pair is created and the initial exci-
ton numbers are p,=4 and h,=0. That this choice of
DPosho values does appreciably increase the MSD com-
ponent is shown in Fig. 11 where the MSD components
of the neutron yield from '¥!Ta at 50 MeV incident alpha
energy have been compared for pgy,hg=S5,1 and
Po-ho=4,0. Figure 12 shows a comparison of the angu-
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FIG. 10. Same as Fig. 8 for Cu target and 65 MeV incident
alpha. The experimental points are those of Shin et al. (Ref. 4).
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FIG. 11. Comparison of MSD components calculated with
the extended exciton model (Ref. 12) for '®!Ta and 50 MeV in-
cident alpha for different initial configurations of pg,ho=35,1
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lar distribution of the neutron yield from the same
target-projectile combination for the two values of pg, A .
The calculated yield with py,hy,=4,0 shows a significant
increase at all angles for energies greater than 9 MeV.
The complete dissolution of the alpha, however, is just
one of the two processes of its removal from the entrance
channel and the absorption of the alpha through the
creation of a particle-hole pair is the more likely of the
two.!® It appears from Fig. 12 that admixtures of contri-
butions from initial configurations pg,hy=4,0 and
Po-ho=5,1 will give better agreement with the observed
neutron yield at 30°, 45°, and 90°. But at 0°, even with a
100% contribution from the initial configuration
Po-ho=4,0, the calculated yield remains underpredicted.

In the calculations performed, pairing corrections were
not included. To see if inclusion of pairing effects in the
excitation energy would correct the discrepancies, both
preequilibrium and evaporation component calculations
were repeated for '31Ta at 50 MeV incident alpha energy
with pairing energies of Gilbert and Cameron.'® The re-
sults for emissions at 0°, where the discrepancy between
experiment and calculations is maximum, is shown in
Fig. 12. As can be seen, there is no significant change in
the neutron spectrum due to pairing corrections.

Another reaction mechanism not considered in the cal-
culations is the breakup of the projectile alpha into
binary fragments of 3He and neutron, *H and proton, and
two H. One fragment is emitted at forward angles with
a velocity corresponding to that of the incident velocity
(the Fermi motion of the fragment inside the projectile
will cause a spread in the emission velocity). The comple-
mentary fragment is absorbed by the target nucleus and

( )and pg,ho=4,0 (— — —). the composite system deexcites by preequilibrium and
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FIG. 12. Comparison of the experimental (@) neutron spectra from '/ Ta and 50 MeV incident alpha at 0°, 30°, 60°, and 90° emis-
sion angles with calculations of the extended exciton model (Ref 12). The calculations correspond to initial configurations po,ho=35,1

( ) and pg,hq=4,0 (— — —). For 6,,,=0°, calculations with pairing corrections are also shown for p,,hy=5,1 (—--—) and
Porho=4,0(—-—.—.).
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evaporation emissions. The Q values of (*He,n), (°*H,n),
and (?H,n) reactions with %*Cu, %*Cu, '8!Ta, and “’Au
targets are all positive and the high-energy neutron yield
will increase due to these reactions. In case the emitted
fragment is a neutron, the breakup process will further
contribute to the neutron yield around one-fourth of the
projectile energy. Inclusion of this mechanism is, howev-
er, not going to alter the calculated distributions
significantly, since the breakup process constitutes only a
small fraction of the total reaction cross section. '8

IV. CONCLUSIONS

In this paper we have reported the neutron yield ob-
tained from thick targets bombarded by alpha particles.
We have tried to understand the reaction mechanisms in-
volved by analyzing our data and some similar data of
other workers in terms of the exciton model and
compound-nuclear evaporation formalism. The version
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of the exciton model used includes the contributions from
the direct components of nucleon transfer and knockout
and MSD and MSC processes. We conclude that the
neutron yield from thick targets can be understood in
terms of these well-known reaction mechanisms though
further investigation of the role played by the direct reac-
tion mechanism is required for a fuller explanation of the
data. For this purpose, more experimental data on reac-
tion yields from various target-projectile combinations at
different projectile energies are necessary.
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