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Production of high-energy γ rays in proton- and α-induced reactions
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The high-energy γ rays have been measured in proton and α-induced reactions on medium mass target
nuclei 115In and 112Sn, respectively. Theoretical analyses of the spectra have been performed within the
Hauser-Feshbach statistical model and the Akkermans-Gruppelaar exciton model formalisms. It is observed
that the proton-induced reaction has significant contribution from the direct-semidirect capture in the region
Eγ ≈10–20 MeV. The 4He-ion-induced reaction could be described reasonably well by the results of the
statistical model calculations. A reduced level density parameter, as compared to that used for the proton-induced
reaction, was required to explain the high-energy γ -ray spectrum in the 4He-ion-induced reaction.
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I. INTRODUCTION

The γ rays produced during nuclear collisions provide a
clean probe to study the reaction dynamics and properties
of atomic nucleus. The study of these γ rays has, therefore,
been the subject of intense investigations both theoretically
and experimentally. In heavy-ion collisions with projectile
energies below 7 MeV/nucleon, the reaction mainly proceeds
through the two-step compound nuclear mechanism. In such
reactions, the γ rays are emitted in competition with particle
evaporation, and the spectra are dominated by the giant dipole
resonance (GDR) strength function [1–5]. At higher projec-
tile energies(>20 MeV/nucleon), a large yield is observed
above Eγ ≈ 30 MeV from the incoherent neutron-proton (n-
p) bremsstrahlung process among the target and projectile
nucleons [6]. On the other hand, the nucleon-induced reac-
tions show interesting features in the γ -ray spectrum. For
projectile energies >50 MeV/nucleon, a large yield is ob-
served above Eγ ≈ 30 MeV, which originates primarily from
the incoherent n-p bremsstrahlung process [7]. At low pro-
jectile energies, the nucleon may be captured into any of
the single-particle configurations of the composite system
directly, called direct capture, or through the excitation of
the GDR, called semidirect capture [8,9]. The γ rays have
significant contribution in the Eγ ≈ 10–30 MeV region from
the direct-semidirect (DSD) mechanism. The γ rays may also
be emitted in the two-step compound-capture mechanism in
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competition with particle decay. In light mass systems, proton
capture reactions have been extensively studied [2,10–14],
and the γ -ray spectrum has been explained by the DSD cap-
ture mechanism. In the literature, some studies on heavy-mass
systems [15–17] are also present. Recently, the GDR proper-
ties have been explored in proton capture reactions within the
extended quantum molecular dynamics model [18]. Indeed,
the proton capture reaction was an important tool to study the
giant dipole resonance built on excited states [19–22] before
it was shown that heavy-ion reactions could be used to study
the same [23]. The DSD mechanism was later extended to
the capture of protons to the unbound states [24], and was
found to explain the experimental data well. The actual DSD
calculation is a bit involved and requires knowledge of the
transition matrix element between the states involved in the
transition. A powerful method to model the direct-semidirect
process is the exciton model calculations. In this formalism,
an average transition matrix element is considered, and the
γ -ray cross section is calculated in a statistical approach be-
fore equilibrium is reached to form the compound nucleus.
The first work in this approach was done by Plyuyko and
Prokopets [25]. Soon after, Běták and Dobeš [26] refined this
approach by properly considering the possible γ transitions
and accessible final states. The first work consistent with
the equilibrium statistical limit was done by Akkermans and
Gruppelaar [27] by properly calculating the branching ratios
for single-particle transitions contributing in the γ -ray spec-
tra, and later a spin dependent formalism was proposed by
Obložinský [28]. Experimentally, these models have not been
explored much.

In understanding the decay of an equilibrated compound
system, a critical quantity is the nuclear level density (NLD).
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The most widely used level density prescription was derived
by Bethe using the noninteracting Fermi gas model [29]. The
level density is mainly governed by the NLD parameter which
is proportional to the single-particle density of states at the
Fermi energy, and is generally expressed as a = αA, where
α is a constant and A is the mass number of the nucleus.
Al-Quraishi et al. [30] suggested two alternative forms of the
NLD parameter, viz.,

a = αA

exp[β(N − Z )2]
, (1)

a = αA

exp[γ (Z − Z0)2]
, (2)

where α, β, and γ are empirical constants. Z0 is the atomic
number for the β-stable isotope for mass number A. N and
Z are the neutron and proton numbers, respectively. Z0 is
obtained from a fit to the semiempirical mass formula [30].
Equaiton (1) shows that the NLD parameter is maximum for
N = Z = A/2, and decreases for nuclei having excess protons
or neutrons. Equation (2), on the other hand, implies that the
NLD parameter decreases for nuclei away from the β-stable
isotope. For light mass nuclei (A � 40), both expressions
provide the same results, and deviate for heavy systems. It
was shown from the analysis of low-energy level densities
that Eq. (2) was better at reproducing the experimental data
[30]. Moro et al., on the other hand, showed that the (N-Z)
dependence was more appropriate to explain the data obtained
in the 32S + 107Ag compound nuclear reaction [31]. In the
work by Charity et al. [32], a very small or no effect of
isospin on the level density was observed from the measured
particle spectra and residues. The theoretical work by Charity
and Sobotka [33] also concluded very little dependence of the
level density parameter on neutron-proton asymmetry. Only a
very small reduction was observed for nuclei close to the drip
line. In recent years, light evaporated particles were measured
in a few experiments, and a reduced level density parameter
was required to explain the experimental data for the nuclei
with Z away from Z0 [34–36].

In this work, we present the results of the measurement
of high-energy γ rays in 1H- and 4He-ion-induced reactions
on medium mass targets 115In and 112Sn [37], respectively,
and compare the results with the statistical and exciton model
calculations. The target-projectile combinations were chosen
so as to populate the nuclei of the same mass number. It is
interesting to note that the compound nucleus 116Te populated
in the 4He-ion-induced reaction is ≈2 units away from the
Z0 value for A = 116, whereas, for 116Sn, Z ≈ Z0. In this
experiment both the neutrons and high-energy γ rays were
measured. The results from the analysis of neutron spectra
showed that the level density indeed decreases for neutron-
deficient 115Te compared to that of β-stable 115Sn [36], and
the (Z − Z0) dependence was found to be better suited for
explaining the experimental data. In this work, the results
from the measured high-energy γ rays are presented.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Variable Energy Cy-
clotron Centre (VECC), Kolkata, India using pulsed 1H and

FIG. 1. Typical time-of-flight spectrum (left panel) and pulse
shape discrimination spectrum (right panel) along with the cuts used
for extraction of high-energy γ -ray spectrum.

4He-ion beams from the room-temperature K-130 cyclotron.
Self-supporting 115In and 112Sn target nuclei were bombarded
with 1H and 4He-ion beams of energies 12 and 28 MeV,
respectively. The maximum available energies in the above-
mentioned reactions were 21.2 and 26.1 MeV, respectively.
The high-energy γ -rays were detected by using a part of the
Large Area Modular BaF2 Detector Array (LAMBDA) [38].
A total of 49 BaF2 scintillators, each having cross-sectional
area 3.5×3.5 cm2 and length 35 cm, were arranged in a
7×7 matrix which was placed at a distance of 50 cm from
the target position at an angle of 90◦ with respect to the beam
direction. One of the major sources of background in the high-
energy γ -ray spectrum is the evaporated neutrons which were
rejected by using the time-of-flight (TOF) technique. The start
trigger for the TOF measurement was taken from a low-energy
γ -ray multiplicity filter [39]. It consists of 50 small BaF2

scintillators, each having cross-sectional area 3.5×3.5 cm2

and length 5 cm. The multiplicity filter was divided into two
5×5 arrays of 25 scintillators each, and placed on the top and
bottom of the scattering chamber at a distance of ≈5 cm from
the target position in a staggered castle type geometry. An
event was recorded in a VME based data acquisition system
[40] when at least one detector in the LAMBDA array fired
above a threshold of ≈4 MeV in coincidence with at least
one detector in the multiplicity filter above a threshold ≈200
keV. In this sense it is not an inclusive measurement of high-
energy γ rays. The pileup events were removed by the pulse
shape discrimination technique (PSD) which was achieved by
measuring the charge deposition over two time intervals of 2
μs (long gate) and 50 ns (short gate). To block the low-energy
γ rays after opening of the high-energy threshold, a passive
lead shield was used in front of the LAMBDA array. The beam
dump was situated at a distance of ≈3 m from the target, and
was heavily shielded with lead and paraffin blocks to mini-
mize the backgrounds. The energy of the γ rays detected in the
LAMBDA array was reconstructed by the cluster summing
technique [38]. The neutrons were rejected by taking a cut
in the γ -γ prompt peak in each detector, whereas the pileup
events were rejected with a proper two-dimensional cut in the
PSD spectra. Typical TOF and two-dimensional PSD spectra
for a detector element of the LAMBDA array are shown in
Fig. 1 along with the cuts used in data reconstruction. The
high granularity of the LAMBDA array was used to reject
the cosmic backgrounds which produce tracks in the array,
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FIG. 2. High-energy γ -ray spectra for the 4He + 112Sn (blue
filled circles) and 1H + 115In reactions (red filled squares).

whereas the actual γ events produce a clusterlike structure.
The cyclotron rf time spectrum was also recorded with respect
to the multiplicity filter to minimize the random events, and
proper cuts were incorporated in the rf time spectrum while
reconstructing the high-energy γ -ray spectrum.

In Fig. 2, the high-energy γ -ray spectra are shown for
the two reactions. The spectra have been normalized at 7.5
MeV. The γ rays below ≈10 MeV arise due to the transitions
between the states below particle threshold, and originate
primarily from statistical processes. On the other hand, those
γ rays above ≈10 MeV mainly arise in the initial stages of
the reaction. It is interesting to note that the spectra match
qualitatively in Eγ ≈ 5–10 MeV and above the Eγ ≈ 20 MeV
region. However, an enhanced yield is observed for the 1H +
115In reaction in Eγ ≈ 10–20 MeV, in comparison to the other
reaction, clearly pointing towards different mechanisms in the
production of γ rays in this region.

III. THEORETICAL CALCULATIONS

To explain the high-energy γ -ray spectra for the two re-
actions, we have performed the statistical and the exciton
model calculations by using the TALYS-1.95 code [41], which
is an excellent tool for calculations at low energies and for
light-ion-induced reactions. The statistical model calculations
were performed in the Hauser-Feshbach (HF) framework. The
transmission coefficients for the particle decay were calcu-
lated by using the default options in the TALYS-1.95 code.
The γ -ray transmission coefficient was calculated by con-
sidering electric and magnetic transitions up to multipolarity
l = 2. However, it was observed that, apart from the electric
dipole transition, the effect of other transitions was neg-
ligibly small. The transmission coefficient for the electric
dipole transition is given by TE1 = 2π fE1(Eγ )E3

γ , where Eγ

is the transition energy, and fE1(Eγ ) is the energy-dependent

dipole strength function calculated by using the Brink-Axel
hypothesis [42,43], and is given by

fE1(Eγ ) = 1

3π2h̄2c2

σG(Eγ )

Eγ

, (3)

where the GDR photoabsorption cross section is given by

σG(Eγ ) = σG0E2
γ �2

G(
E2

γ − E2
G

)2 + E2
γ �2

G

, (4)

where σG0, �G, and EG are the strength, width, and energy
of the giant dipole resonance, respectively. The strength is
given by σG0 = SG[120(NZ/A)(1/π�G)] mb, SG being the
fraction of the Thomas-Reiche-Kuhn (TRK) dipole sum rule
strength. Another important quantity for the statistical model
calculations is the nuclear level density. In the present work
the back-shifted Fermi gas (BFG) level density prescription
was employed. According to this prescription the level den-
sity at an excitation energy Ex and angular momentum J is
given by

ρ(Ex, J ) = 2J + 1

2σ 2
exp

[
−

(
J + 1

2

)2

2σ 2

]
ρt

f (Ex), (5)

where σ 2 is the spin cut-off parameter and ρt
f (Ex) is the total

Fermi gas level density at excitation energy Ex given by

ρt
f (Ex) = 1√

2πσ

√
π

12

exp[2
√

aU ]

a
1
4 U

5
4

, (6)

where U = Ex − 	, 	 being the energy back-shift given by
	 = χ 12√

A
+ δ. χ = 1, 0, and −1 for even-even, odd-even,

and odd-odd nuclei, respectively. δ is an adjustable parameter
to fit the experimental data per nucleus. The shell effect was
incorporated in the level density parameter by the prescription
of Ignatyuk et al. and is given by a(Ex) = ã[1 + 	S

U {1 −
exp(−γU )}] [44]. Here 	S is the ground state shell correc-
tion, and γ is the shell damping factor given by γ = γ1

A1/3 .
γ1 was chosen so as to reproduce γ ≈0.06 MeV−1 in the Pb
region, reported earlier [45]. In the TALYS code the asymptotic
level density parameter is expressed as ã = αA + βA2/3, and
α = 0.0722396 and β = 0.195267 are used globally for the
back-shifted Fermi gas model. In the present case we have
used the linear term, i.e., ã = αA with α as a free parameter
to match the experimental data.

Within the TALYS code, the formalism of Akkermans and
Gruppelaar [27] was implemented to calculate the γ -ray emis-
sion cross section in the exciton model framework. It provides
a powerful tool to calculate γ -ray cross section in the direct-
semidirect process. Within this model, the preequilibrium
γ -ray cross section is given by

dσγ

dEγ

= σcf

∑
n

Wγ (n, Eγ )τ (n), (7)

where the composite nucleus formation cross section with
the target and projectile is calculated as σcf = σtot − σdirect.
σtot and σdirect are the total and direct reaction cross sections,
respectively. τ (n) is the mean lifetime and Wγ (n, Eγ ) is the
decay rate from the exciton state n for a γ ray of energy Eγ . It
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is calculated by using the principle of detailed balance, and is
given by

Wγ (n, Eγ ) = E2
γ

π2h̄3c2
σabs(Eγ )

1

ωn(E )

×
[
ω2(Eγ )ωn−2(E − Eγ )

g(n − 2) + ω2(Eγ )
+ gnωn(E − Eγ )

gn + ω2(Eγ )

]
,

(8)

where ωn(E ) is the density of exciton state n at excitation
energy E , and g is the single-particle state density. The pho-
toabsorption cross section is given by σabs(Eγ ) = σG(Eγ ) +
σQD(Eγ ), where σQD(Eγ ) is the quasi-deuteron part of the
photoabsorption cross section. Generally, it contributes at
higher γ ray energies, and has negligible contribution in
the present case. It should be pointed out that the exciton
model of Akkermans and Gruppelaar, in principle, can cal-
culate the pre-equilibrium as well as equilibrium γ -ray cross
sections in a consistent way. However, in the TALYS code
the pre-equilibrium phase is calculated by using the exci-
ton model, whereas the equilibrium phase is calculated by
employing the usual Hauser-Fesbach formalism. We remark
here that the two-component exciton model was used in this
work, where the proton and neutron excitons are considered
separately. The detailed expressions for the decay rates and
γ -decay cross section in the two-component exciton model
can be found in the manual of the TALYS code.

IV. RESULTS AND DISCUSSION

In Fig. 3, the experimental high-energy γ -ray spectrum for
the 1H + 115In reaction is shown along with the results of the
statistical and exciton model calculations. Before comparison
with the measured spectrum, the theoretically calculated spec-
tra were folded with the detector response function simulated
by using the GEANT3 [46] code. The theoretical spectra folded
with the detector response function have been normalized at
Eγ ≈7.5 MeV with the experimentally measured spectrum. As
could be observed from Fig. 3(a), the result of the statistical
model calculation highly underpredicts the measured data for
Eγ > 10 MeV. However, when the preequilibrium contribu-
tion calculated by employing the exciton model was added
with that obtained from the HF calculations, the experimental
spectrum could be explained well. It should be highlighted
here that the HF and the exciton model calculations were
performed by employing the same set of the GDR parameters.
Apart from that, the exciton model calculation was performed
with all the default parameters used in the TALYS code. We
remark here that, to match the data, the contribution from
the exciton model calculations had to be reduced to 14% of
the total contribution above Eγ ≈16.5 MeV. This could be
due to the fact that the high-energy γ rays were detected
in coincidence with at least one detector of the multiplicity
filter. However, this reduction does not affect the spectra in
the Eγ ≈10–16 MeV region where a substantial enhanced
yield is observed compared to that of the statistical model
calculations. In Fig. 3(b), the experimental high-energy γ -ray
spectrum is shown along with the results of the theoretical
calculations with the total and the reduced contributions in
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FIG. 3. (a) Experimental high-energy γ -ray spectrum (red filled
circles) for the 1H + 115In reaction along with the results of the
statistical (pink solid line) and exciton (dark red dashed line) model
calculations. (b) Effects of the total (blue solid line) and reduced
(green solid line) contributions in the exciton model calculation are
shown (see the text).

the exciton model calculations. In the HF calculations the
equivalent value of the parameter α is ≈0.1123 MeV−1.
However, the spectrum below Eγ ≈10 MeV could be fitted
reasonably better when the value of α was increased slightly
to ≈0.1135 MeV−1. The γ -ray spectra calculated within the
HF and the exciton models were not normalized individually.
The spectra were added and then the added spectrum was nor-
malized at 7.5 MeV. It should be pointed out that in the TALYS

code an extra normalization of 2.0 is provided by default in
the calculation of photon emission rate within the exciton
model. Above Eγ ≈20 MeV there may be contribution from
the n-p bremsstrahlung process, which has been parametrized
as σ = σ0 exp(−Eγ /E0) [6,7]. The parameters σ0 and E0 were
chosen to fit the data above Eγ ≈20 MeV. In Table I the best-fit
parameters are shown.

In Fig. 4, the experimental high-energy γ -ray spectrum for
the 4He + 112Sn reaction is shown along with the results of
the statistical model calculations. Figs. 4(b) and 4(d) repre-
sent the divided plots which prominently show the effects
of the GDR parameters on the high-energy γ -ray spectra.
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TABLE I. The GDR and other parameters required to fit the high-energy γ -ray spectra for the reactions mentioned.

EG �G α E0 σ0

Reaction (MeV) (MeV) SG (MeV−1) (MeV) (arb. units)

1H + 115In 14.0(1) 4.0(2) 1.00(4) 0.1135(3) 3.7(1) 1.7(4)×103

4He + 112Sn 14.1(1) 4.7(2) 1.02(4) 0.0890(4) 3.0(2) 3.5(9)×103

These plots were obtained by dividing both the experimental
and the best-fit γ -ray spectra by a γ -ray spectrum calculated
with a constant dipole strength function without incorporating
the GDR. The contribution of high-energy γ rays from the
preequilibrium process was found to be negligibly small. It
interesting to note that the parameters which were used for
the statistical model calculations in the 1H + 115In reaction
could not describe the high-energy γ -ray spectrum for the
4He + 112Sn reaction [blue dashed line in Figs. 4(a) and
4(b)] even after incorporating the pre-equilibrium contribu-
tion. The data could be fitted by varying the GDR parameters
with the level density parameter, as used for the statisti-
cal model calculations in the 1H + 115In reaction. In this
case, the GDR energy and width were found to be 14.6 and
4.7 MeV, respectively. However, an extra strength of ≈50%
more than that obtained from the TRK sum rule was re-
quired. Interestingly, the data could be reproduced quite well
[Figs. 4(c) and 4(d)] with the strength of ≈100% as obtained
from the TRK sum rule, and reasonable GDR energy and
width, when a reduced level density was utilized by decreas-
ing the value of α (Table I) by ≈21% compared to that used
for describing the proton-induced reaction. We remark here
that, at the excitation energy considered in the present case,
the high-energy γ rays (Eγ ≈ 10–20 MeV) originate primarily
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FIG. 4. (a) and (c) Experimental high-energy γ -ray spectra for
the 4He + 112Sn reaction (red filled circles) along with the results of
the statistical model calculations (lines). (b) and (d) The experimental
spectra and statistical model calculations with the GDR, divided
by the respective results of the statistical model calculations with a
constant dipole strength without the GDR.

from the decay of the GDR of the compound nucleus 116Te.
The proton number of this nucleus is ≈2 units away from
the Z0 value for A = 116. The contribution from the daughter
nuclei is very small. Moreover, the average value of (Z − Z0)2

for the nuclei in the decay cascade of 116Te is large compared
to that for the nuclei in the decay cascade of 116Sn. Therefore,
it is expected that the level density for the nuclei with Z away
from Z0 is decreased as suggested in Ref. [30], and exper-
imentally confirmed in earlier works [34,36]. For example,
with the parameters used in the present work, the total level
density for the 116Te nucleus is of ≈9 times smaller than
that of the β-stable 116Sn nucleus at the excitation energy of
≈10 MeV.

It should be mentioned that we tried to explain the mea-
sured γ -ray spectra by using the Gilbert-Cameron formulation
for the level density [47]. However, in this case, the slope
of the γ -ray spectrum below Eγ ≈ 10 MeV for the 1H +
115In reaction could not be reproduced well with the default
level density parameters used in the TALYS code. The fit could
not be improved with a reasonable variation of the parameter
α. In addition to the phenomenological models, we tried to
reproduce the measured γ -ray spectra by utilizing the mi-
croscopic prescriptions implemented in the TALYS-1.95 code.
The γ -ray spectrum for the 1H + 115In reaction could be
explained best by using the level densities from Hilaire’s com-
binatorial tables [48]. In this microscopic approach, nuclear
level density is computed by a combinatorial method where
the incoherent particle-hole state densities are calculated as
a function of excitation energy, spin projection, and parity
by using the Hartree-Fock-Bogoliubov single-particle level
scheme, and the total level density is calculated by properly
taking into account the collective effects. The GDR parame-
ters was found to be EG ≈13.6 MeV (which is a bit smaller
than that expected in this mass region), �G ≈4.0 MeV, and
SG ≈1.03. Interestingly, when the same microscopic pre-
scription was utilized to explain the γ -ray spectrum for the
4He + 112Sn reaction, the GDR parameters were found to
be EG ≈14.2 MeV, �G ≈4.8 MeV, and SG ≈1.58, i.e., an
extra strength of ≈58% more than that obtained from the
TRK sum rule was required, which is roughly similar to
that observed for the phenomenological BFG model. The
high-energy γ -ray spectra for both the reactions could be
explained in the whole region with the most reasonable GDR
parameters by using the BFG model, which points towards
the reduction of the level density for 116Te as compared to
that of the 116Sn. This reduction in the level density may
have crucial implications for the reaction model calculations
involving the proton-rich and the neutron-rich nuclei. Further
studies are required with both the proton-rich and neutron-rich
isotopes for a better understanding of the level densities for
such systems.
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V. SUMMARY AND CONCLUSION

In summary, the high-energy γ -ray spectra have been mea-
sured in the 1H + 115In and 4He + 112Sn reactions. The
proton-induced reaction shows a large yield in the GDR
region arising due to the direct-semidirect capture process.
The data could be well explained by considering both the
contributions from the Hauser-Feshbach and exciton model
calculations. The α-induced reaction, on the other hand,
shows minimal contribution from the direct-semidirect cap-
ture mechanism, and the experimental data could be well
explained by the statistical HF-model calculations. The level
density of neutron-deficient 116Te is found to be reduced as
compared to that of β-stable 116Sn. Considering the profound
importance of the level density for reaction studies, it will
be interesting and essential to have more experimental and

theoretical works in different regions of the nuclear chart for
a better understanding of the isospin dependence of nuclear
level density.
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