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The thick target neutron yield from a '°0O%" beam on a thick *’Al target at 120- and 142-MeV (7.5- and
8.8-MeV /nucleon, respectively) incident energies is presented and compared with theoretical calculations. The
theoretical estimates for the yield of a high-energy neutron was obtained using a preequilibrium (PEQ) heavy-ion
reaction model (HION), whereas that for the low-energy part was obtained using the standard evaporation models
PACE4 and EMPIRE 3.2. In the present data a significant PEQ contribution, ~2% to 3% of the evaporation
contribution, is observed even at projectile energies below 10 MeV /nucleon. The measured energy spectrum of
neutrons for £ > 20 MeV (the predominant PEQ region) is in good agreement with the PEQ model code HION.
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I. INTRODUCTION

Thick target neutron yield (TTNY) measurements in
heavy-ion interactions provide important data for numerous
applications ranging from nuclear to material physics and
medical applications to safety calculations [1-6]. A large
number of experimental measurements and theoretical studies
are available with '°O as a projectile for different targets
[7-14] covering a horizon of different kinds of analyses
and investigations, but the study of TTNY is very sparse.
Especially at the intermediate projectile energy range of
7-20 MeV/nucleon the data are very limited [15]. This
energy range is crucial as it corresponds to a transition region
between the equilibrium and the nonequilibrium emissions
of particles. Below 5-MeV /nucleon projectile energies ([16]
and references therein), particle emission through thermal
equilibration and evaporation becomes the predominant deex-
citation process. However, investigation of the lower-energy
limit for initiation of nonequilibrium or preequilibrium (PEQ)
emission processes [17-20] is still an open question even
after few decades of rigorous research in this field. Blann
[21-23] and Cline and Blann [24] carried out measurements
with several projectiles (including '°0) and claimed that
no PEQ emission exists below 10 MeV/nucleon. On the
other hand, there exists a number of experimental data and
models [15,25-27], which bring the above results in question.
For example, Nandy et al. have reported the presence of a
significant amount of PEQ contribution with '°O as a projectile
on a thick Ta target even at 7.2 MeV /nucleon [15] (see also
Ref. [28]). Therefore, the aim of the present paper is to find
the PEQ contribution in the thick target neutron yield along
with the yield distribution using the '°O projectile with a
lighter target nucleus (*’Al). The experiments were carried
out at two different projectile energies, viz. 120 and 142 MeV
corresponding to 7.5 and 8.8 MeV /nucleon, and an effort has
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been made to estimate the PEQ neutron emissions from this
(projectile + target, **Sc) system. A modified version of the
in-house developed heavy-ion (HION) code [29,30] used by
Nandy et al. [15] with some modification [31] was used to
estimate the high-energy neutrons in the present paper. The
assumptions made in the present version of the code are
more realistic compared to the one used in Ref. [15] where
the nucleon-nucleon (N-N) collision rate is determined from
an empirical formalism. To overcome these shortcomings, a
modified collision rate estimated from the spatial variation in
the nucleon density distribution has been introduced in the
improved model [30]. The energy and angular distributions
of PEQ emitted neutrons were determined from two-body
scattering kinematics [32-34] considering the fused system
(¥Sc) as made of two different subsystems, a hot spot
and a cold spot [29]. The particle emission probability was
calculated from the spatial density-dependent collision rates
in the fused systems based on: (i) a semiphenomenological
approach [35,36] and (ii) relativistic mean field (RMF) theory
[37,38]. The PEQ contribution in the present model extends
until the fused composite system attains a thermodynamic
equilibrium through N-N interactions. After attaining the
thermal equilibration the emission probabilities are calculated
through the Hauser-Feshbach evaporation formalism using
the statistical model codes projection angular momentum
coupled evaporation (PACE4) [39,40] and EMPIRE version 3.2
[41].

In the present paper an attempt has been made to estimate
the emission neutron spectra from a heavy-ion nuclear reaction
and to validate the experimental observations using the in-
house developed PEQ formalism, the modified HION code at
intermediate beam energies. The details of the experimental
setup and data acquisition are described in the next section.
Brief descriptions of the statistical model codes used in this
paper and modifications in HION to study the effect of
PEQ emission are presented in Sec. III. Section IV discusses
the findings of the paper followed by the conclusion in
Sec. V.

©2017 American Physical Society
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II. EXPERIMENTAL SETUP

The experimental measurements were carried out at the
Pelletron- Linac Facility, Mumbai, India. In the present paper
160+ was bombarded on a thick 27 Al target (3 mm) at 120 and
142 MeV. The measured full width at half maximum of the
beam was ~0.8—1.0ns, inclusive of detector resolution. The
produced neutron spectra were measured with the proton recoil
scintillator detectors using the time-of-flight (ToF) technique.
The ?’Al target was made in the form of a hemisphere of
40-mm diameter and 3-mm thickness to reduce the unwanted
scattering and attenuation of the emitted neutrons [42,43].
The range of the projectiles in the thick aluminum target was
estimated to be 110 and 142 um for the above-mentioned
energies using the SRIM code [44]. Thus, the complete removal
of the projectile flux on the outer surface of the target assembly
was ensured. The angular distributions and the TTNY were
measured at five different angles with respect to the incoming
projectile beam direction viz. 0°,30°,60°,90°, and 120° at
two different distances using five (5 x 5)-cm? EJ301 (Scionix,
Holland) recoil proton liquid scintillator detectors. For 0°,30°,
and 60° the measurements were carried out at 2.0 m, and
for 90° and 120° the distance was kept at 1.5 m from the
target surface. The target-to-detector distance is reduced at
backward angles as the contribution of high-energy neutrons
is expected to be less than that at forward angles. In the ToF
measurements, the longer distance ensures a better energy
resolution at high emission neutron energies, i.e., a better
resolution for the PEQ neutrons is expected due to the longer
target-to-detector distance. A schematic of the experimental
setup is explained in Fig. 1(a). The neutrons measured with
this setup contain both direct neutrons and scattered ones from
the structural as well as the shielding materials. So background
corrections for the removal of the scattered components were
carried out using the shadow bar technique. This was achieved
with the help of two 30-cm-long cylindrical bars, one made
of iron and the other made of high-density polyethylene,
placed end to end between the target and the detector [as
shown in Fig. 1(a)] to screen all the direct neutrons emitted
from the reactions. The neutrons detected with this shadow
bar in place are the scattered neutrons only. The background
spectrum was measured at a single specified angle at a time.
The background spectrum when subtracted from the total
experimental spectrum (generated in the absence of a shadow
bar) at that angle produces the net neutron distribution due to
a heavy-ion nuclear reaction.

The electronic setup used in this experiment is shown
schematically in Fig. 1(b). The neutrons were distinguished
over the y-ray photons by the zero crossover method using the
anode output of the photomultiplier tube with the help of a four-
channel pulse shape discriminator (PSD) module (MPD-4,
Mesytec) and a constant fraction discriminator [(CFD), Can-
berra 454]. The initial trigger as a radio-frequency signal was
obtained from the start signal. Each detector provides three
sets of information, viz. TOF, pulse height (PH), and neutron-
to-y discrimination. So a total of 15 signals was acquired
by an analog-to-digital converter (CAEN-V785) for offline
analysis. For registering the signal pulses, a master gate with
appropriate delay modules corresponding to different detectors
was generated using the OR logic for the data acquisition from
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FIG. 1. The experimental setup for the '°O +?’Al system.
(a) Schematic arrangement and (b) simplified block diagram of the
electronic setup for the signal acquisition.

the CFD signals of all five detectors. The time-to-amplitude
converter (TAC) provides the flight time of the neutrons
which in turn gives the neutron energy. The module was
calibrated using a TAC calibrator with a set of time signals
of known width. The signals for the n-y separation from
the PH versus PSD and corresponding PSD versus ToF-TAC
outputs are presented in Figs. 2(a) and 2(b), respectively, for
the 190+ 427 Al system. Figure 2(b) corresponds to the two
bunches of the chopped beam. The time difference between
the two y lines is 107.3 ns, and the neutrons and y are found
to clearly be separated. The neutron bunch between the two y
lines is basically the neutrons generated by the bombardment
of 1°0%* on the thick 2’ Al target, the left y line represents the
flash of a projectile on the target, and the neutrons generated
from the reaction were acquired by the proton recoil detectors
until the second bunch of the projectile hits the target, which
is signaled by the second flash of the y line.

The acquired data then are analyzed offline using the Linux
advanced multiparameter system [45] to obtain the neutron
spectra from the ToF information. From the measured data the
neutron yield per projectile is determined at different angles,
corrected for background, solid angle, and intrinsic efficiency
of the detectors. The detector intrinsic efficiency was obtained
from Monte Carlo calculation [42] and assumed to be the
same for all five detectors mounted at different angles. A more
detailed description of the measurement technique, associated
time energy uncertainties, and systematic errors can be found
in Ref. [42].

The neutron energy spectra for both energies after the effi-
ciency correction has been presented in Fig. 3. The circular dots
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FIG. 2. A typical experimental output of the n-y separation (a)
pulse height and PSD spectra and (b) contour plot of PSD and TOF
spectra for the '°0 + %7 Al system.

represent the emitted neutrons produced from bombardment of
120 MeV, and the open circles represent the emitted neutrons
for the 142-MeV '0 beam on a thick Al target. The data points
in these figures represent the experimental neutron yield per
incident projectile in a unit solid angle in an energy bin of
1 MeV. The error bars associated with the measurements are

Experimental Neutron spectra: °0+" Al
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FIG. 3. A comparison between the experimental neutron yield at
120 and 142 MeV.
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statistical in nature. The low-energy limit in the measured data
results from the limitation of the experimental setup aimed at
a better resolution for higher-energy neutrons.

III. REACTION MODEL CALCULATIONS
A. Equilibrium emissions

The objective of the paper is to obtain the experimental
neutron yields from the '°0%* +27Al system at different
energies and to estimate the contribution of PEQ neutrons. So
in order to achieve that, statistical model calculations were
carried out to estimate the emission from the equilibrated
compound nuclei at these energies. In this paper two different
nuclear reaction model codes, EMPIRE version 3.2 and PACE4
were used for estimating the evaporation neutrons.

1. PACE4

The PACE code is a modified version of the Hillman-Eyal
evaporation code (JULIAN). It calculates compound nuclear
emission considering angular momentum coupling at each
stage of the deexcitation process. A Monte Carlo random sam-
pling is used, and all possible decay channels are considered
with proper weightage [39]. The formation of a composite
nucleus is calculated using the Bass model. The composite
system deexcites solely by evaporation residues determined
by fission barrier height and level densities. The mode of
deexcitation is calculated from the excited compound nucleus
after normalizing the initial spin distributions.

2. EMPIRE 3.2

EMPIRE is an adaptive set of nuclear reaction codes. It uses
various nuclear models for different kinds of projectiles with a
largely varying energy range [41]. But in the case of heavy-ion
reactions the model predictions deteriorate above an energy
of 8 MeV/nucleon. In the present version of the code, for
estimating the neutron emission after thermal equilibration,
compound nucleus decay is described by the Hauser-Feshbach
theory. Angular momentum and parity coupling are con-
sidered through /-dependent transmission coefficients. The
Hofmann, Richert, Teple, and Weidenmuller model is used
for establishing the correlation between entrance and exit
channels for elastic scattering. In the present paper, the neutron
emissions were calculated using the dynamic EMPIRE-specific
level-density approach. This uses the superfluid model below
a critical excitation energy and the Fermi-gas model at
higher energies for a proper accounting of the spin-dependent
rotation-induced deformation of the nucleus at higher energies.

B. Preequilibrium model calculation

The statistical model codes fail to reproduce the entire
emission neutron spectra obtained from experiments for
incoming projectile energies of 7 to 8§ MeV/nucleon or
beyond. Primarily the statistical model codes underestimate
the higher-energy emission neutrons. This is mainly because
of the presence of PEQ neutrons which are emitted before
thermodynamic equilibrium between the nucleons was at-
tained in the composite system. In the present paper, the
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projectile energies were chosen close to this energy range to
determine the presence of PEQ neutrons if any and to estimate
the contribution of this component in the total experimental
neutron yield. The PEQ contribution has been estimated using
the in-house developed heavy-ion code (HION) [29,30], based
on the nucleon-nucleon scattering interactions until the excited
composite system attains a thermodynamic equilibrium. The
interaction of nucleons in the hot spot will generate more
energetic particles in the progressive stages of the interactions
through creation, annihilation, or redistribution of the excited
nucleons and corresponding holes. These excited nucleons
and holes are collectively known as exciton pairs. Energy-
angle distribution of the nucleons due to hot spot scattering
is calculated from the two-body scattering kinematics after
incorporating the effect of nuclear excitation. Emission of
nucleons and light particles can take place from the hot spot
before the thermal equilibrium is attained. The second type of
interaction between particles in the hot spot with those in the
cold spot leads to the creation of excited particle-hole pairs.
Energy-angle distribution of these excited particles can be
estimated through the Kikuchi-Kawai scattering kinematics.
Finally the energy-angle distribution of PEQ neutron emission
from heavy-ion reactions was estimated through the emission
probability calculated from the density-dependent nucleon-
nucleon collision rates. The details of the model and the two-
body scattering kinematics related to the model can be found
elsewhere [32—-34]. In the present paper, the nucleon-nucleon
collision rates in the composite system (**Sc) were estimated
from the spatial nucleon density distribution calculated using
the semiphenomenological approach [35,36], and RMF theory
[37,38] and only the neutron emission is estimated from the
composite system.

C. Thick target yield

In order to determine the energy-angle distribution of
emitted neutrons from the thick target, it was assumed that
inside the target the projectile interacts at a continuously
degrading energy. The thick target neutron spectra are effec-
tively a sum of all the neutron distributions at these different
projectile energies folded by the fusion cross section of the
projectile in the target at respective energies. The details of
the methodology of the conversion of the thin target neutron
emission to a thick target emission spectrum can be found in
Ref. [15].

IV. RESULTS AND DISCUSSION

The comparisons between the experimental neutron yields
with evaporation estimates from the statistical model codes
PACE and EMPIRE are presented in Figs. 4(a) and 4(b) for
beam energies of 120 and 142 MeV, respectively. All model
calculations were performed in a laboratory frame. In order
to estimate the thick target neutron yield from the thin target
contributions, the energy decrement has been chosen in steps
of 5 MeV in each of the thin slices of the target medium
starting from the incident energy until the Coulomb barrier.
The solid circles correspond to the experimental measurements
with the associated experimental and statistical uncertainties
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FIG. 4. Comparison of the experimental neutron yield with
evaporation estimates from the statistical model codes PACE and
EMPIRE at (a) 120 MeV and (b) 142 MeV, respectively. The spectra
for 0°,30°,60°,90°, and 120° are multiplied with 10" with n being 4,
3,2, 1, and 0, respectively.

represented as vertical error bars. The solid and the dotted lines
represent the thick target neutron yields estimated from PACE4
and EMPIRE 3.2, respectively. Both figures clearly depict that,
at lower neutron energies, the statistical model code results
are comparable with the experimental observations. The slope
of the neutron energy distribution is fairly reproduced by the
PACE calculations up to 25 MeV at 0° and 30° and up to
20 MeV at 60°. At backward angles the agreement shifts to
lower energies. The PACE estimated numbers show a better
corroboration with the measured data at low neutron energies,
and the EMPIRE results give a better estimate at intermediate
neutron energies at 0° and 30° for both beam energies.

The PACE calculations overpredict the measured evapo-
ration neutron yield at all angles as shown in Fig. 4. The
PACE results also give higher neutron yield compared to
those obtained from EMPIRE 3.2, which may be attributed
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BSc(1*0+?"Al) system using (a) the semiphenomenological and
(b) the RMF approaches.

to the variation in emission probabilities resulting from the
choice of level-density parameters. In both energies, the
PACE calculations were trimmed at higher emission neutron
energies considering a sharp decrease in the population of
neutrons leading to large calculation uncertainties. It has been
observed from Figs. 4(a) and 4(b) that the measured TTNY is
underpredicted by both models at higher emission energy. The
discrepancy is highest at 0° and decreases at wider angles. This
clearly indicates the presence of a significant PEQ contribution
in the experimental spectra along with the usual evaporation
neutrons.

In order to account for the higher neutron yields, an
attempt has been made to include the contribution of the PEQ
neutrons at higher emission energies. The PEQ contribution
theoretically is obtained using the preequilibrium model HION
[29,31]. In the present paper the spatial nucleon density
distribution in the composite nucleus **Sc is determined
from the semiphenomenological approach of Gambhir and
Patil [35,36] and the RMF theory [37,38]. Moreover, in
the present paper with the incident energy being less than
10 MeV /nucleon, only single preequilibrium neutron emission
has been considered to estimate the PEQ neutron yield from
HION. The nucleon density profile of the composite system
(®Sc) from the semiphenomenological approach and from
RMF theory is shown in Fig. 5.

Figure 5(a) shows that the density remains almost constant
up to 2.5 fm and then sharply falls and reduces to almost zero
by 6 fm. The central neutron density is 0.11fm~3, and the
corresponding proton density is 0.1 fm~>. From Fig. 5(b) it is
observed that the central neutron density is ~0.105fm~3 and
the central proton density is ~0.1 fm~3. We have calculated the
collision rates and the corresponding emission probabilities
using the proton and neutron density distributions obtained
from the two approaches. The details of the collision rate and
emission probability calculations can be found elsewhere [31].
Neutron energy-angle distributions for both beam energies
were calculated from HION using the emission probabilities
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obtained from the semiphenomenological approach and RMF
theory. It was observed that for 142 and 120 MeV at forward
angles the maximum variation in neutron emission obtained
from the two formalisms is ~5%. As in the case of a thick
target where the total yield obtained is the weighted sum
of neutron yields from gradually decreasing energies, the
PEQ contribution gradually decreases, and the variation in
the total yield is lower. So in this paper, we have used
the collision rates and emission probabilities obtained from
the semiphenomenological approach. The experimentally ob-
tained neutron spectra and the corresponding PEQ neutron
yields at different angles estimated from the HION code are
presented in Figs. 6(a) and 6(b) for the 120- and 142-MeV
160%+ projectile beams, respectively, on a thick 2’Al target.
For comparison in a single frame, the measured as well
as the HION estimated neutron yields were multiplied with
10", where n is 4, 3, 2, 1, and 0 for 0°,30°,60°,90°, and
120°, respectively. The circular dots with error bars represent
the experimental measurements, and the solid line represents
the HION estimates. The results show a close agreement
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FIG. 7. Comparison of the evaporation subtracted experi-
mental spectra with HION estimates at (a) 120 MeV and
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of the experiment with the theoretical estimates at higher
emission energies. At forward angles, the PEQ contribution
is higher compared to the backward angles as is evident from
Fig. 6.

For an estimate of the PEQ contribution from experiment,
the evaporation contributions estimated from the PACE code for
both 120 and 142 MeV were subtracted from the experimental
spectra above 25-MeV emission energy at 0°,30°, and 60°
and above 20-MeV emission energy at 90° and 120°. The
subtracted contributions are presented in Fig. 7 for 120
and 142 MeV along with the calculations from HION for a
closer look at the PEQ contribution of the emission neutrons.
The resultant distribution confirms a PEQ contribution in
the experimental thick target neutron yield both at 120 and
142 MeV. Moreover, the HION calculations have reproduced
the measured PEQ contribution at all angles. From the TTNY
data and HION calculations, it has been found that for 142- and
120-MeV beam energies the PEQ contributions at the 0° emis-
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sion angle are 3.3% and 2.3%, respectively, of the evaporation
contribution. At wider angles the PEQ contribution gradually
reduces.

V. CONCLUSION

In the present paper the measured thick target neutron yield
from the bombardment of '°O*° on a thick ?’Al target at
two different energies viz., 120 MeV (7.5 MeV /nucleon) and
142 MeV (8.8 MeV/nucleon) is presented. The measured
data have been analyzed in the framework of evaporation
and the PEQ reaction models PACE4, EMPIRE 3.2, and HION,
respectively. An attempt has been made to theoretically
estimate the contribution of equilibrium-to-preequilibrium
neutron emissions and to validate the PEQ reaction model
HION. In the theoretical estimation of PEQ emission from the
HION model, the spatial nucleon density distribution of the
composite (**Sc) system was used to calculate the collision
rate and emission probability. As the projectile energy is less
than 10 MeV /nucleon [31], only single-particle PEQ emission
has been considered to estimate the neutron yield. Comparison
of the experimental data with the model calculations showed
that the modified version of the HION code can predict the PEQ
contribution fairly well. Our calculations showed that, for the
7.5- and 8.8-MeV /nucleon cases, the PEQ contributions at 0°
were found to be 2.3% and 3.3%, respectively, of the evapora-
tion contribution. This clearly indicates the presence of PEQ
emissions at energies below 10 MeV /nucleon. It has also been
observed in this paper that the HION model fairly well predicts
the PEQ contribution in the energy range considered. In our
earlier work [31] we have shown that the model could handle
PEQ emissions from heavy-ion reactions in the energy range
from 10 to 30 MeV /nucleon for large mass number composite
systems with the incorporation of multiple preequilibrium and
relativistic mean-field effects. Similarly, this paper establishes
that, employing similar formalism with even less mathematical
complexities viz., using a semiphenomenological approach
for nucleon density distributions with single-particle PEQ
emission formalism, the experimental observations can be
reproduced theoretically even below 10 MeV /nucleon with
relatively low mass number composite systems as well.
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