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In this work, the results of measured inclusive double differential cross sec-
tions of α particles emitted in the interaction of 14N with 59Co and 93Nb at
incident energy of 250 MeV are presented. The experimental data were col-
lected in a wide angular range from 8°to 100°in the laboratory system. The
analysis of these data suggests that the measured alpha spectra contains con-
tributions of alpha particles originating from various reaction mechanisms,
all of which are important at this high energy. We have also compared our
experimental results with the calculations by using a recently developed
theoretical model code. This recently developed pre-equilibrium model
code is hereby put to a stringent test as to how it performs in case of heavy
ion reactions at such high energies.
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4.1. Introduction

4.1 Introduction

At the projectile energies of 200 MeV and above, heavy ion induced pre-
equilibrium emission of nucleons, light charged particles and evaporation
residues presents a challenge towards our understanding of physics in-
volving heavy ion reaction mechanism [1]. Efforts have been made in past
to identify and predict the reaction cross-section for dominant reaction
mechanisms that leads to the emission of nucleons, alpha and other light
particles. It is well established that in heavy ion reactions, the compound
nucleus mechanism is competing with non-equilibrium and direct reaction
processes which are even more dominant at high energies. Experiments
have clearly indicated that in such non-equilibrium and direct reactions,
alpha particles comprise a major contribution to the emission cross section
of all the outgoing particles [2]. Most of these alpha particles originate
from projectile break-up [3]. It is possible to separate out and estimate
the contributions from direct and evaporation processes from angular dis-
tribution and energy spectra. For the case of nucleon emission there are
consistent theoretical approaches available which provides a good account
of experimental data over a wide range of incident energy and target-mass
region [4]. The theoretical model code developed by E. Gadioli, et al. [5] was
able to predict the contribution of different reaction mechanism involved
quite well. There are very few theoretical codes available which addresses
the domain of non-equilibrium emission of alpha particles in heavy-ion
reactions and give a reasonable account of experimental data obtained over
a large incident energy and target-mass range.

In the present work, we aim to investigate about the contribution of
direct processes, pre-equilibrium emission and evaporation of particles at
such a high incident energy. One of the most widely used code package for
simulations of nuclear reaction is TALYS. But it is still a work in progress and
doesn’t yet have the ability to completely describe heavy ion reactions. Also,
the code works well for emission of protons and neutrons but when applied
to 3He, alpha particles or heavier ejectiles the results are disappointing [6–8].
Another very promising simulation code is ALICE [9–12] which is based
on Monte Carlo simulations of the geometry-dependent hybrid (GDH)
model for pre-equilibrium calculations and Weisskopf-Ewing model for the
evaporation emission part. It works well at incident energies below 250 MeV,
for light as well as heavy incident projectiles. It doesn’t take into account the
contribution from direct reactions but considers pre-equilibrium emission
as well as thermal evap-oration. We have investigated the pre-equilibrium
reaction mechanism in the past by studying the excitation functions and
neutron emission and have obtained satisfactory results using the version
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ALICE2014 [13,14]. But for our current work ALICE2014 under predicts the
experimental data by a very large amount, suggesting that there are other
possible dominant reaction mechanisms which contribute to the emission
of alpha particles at energies presented in this paper.

Recently, a theoretical approach have been developed by O.V. Fotina, et
al. [15] based on Griffin’s model of non-equilibrium processes to describe the
spectra of nucleons and other light particles emitted in the non-equilibrium
stage of compound nucleus formation. They also took into account the
contribution coming from the equilibrium stage of the process within the
frame-work of the statistical model. For this purpose the statistical code
PACE was modified [16] to accommodate the pre-equilibrium process cal-
culations at sufficiently high energies. It is well known that PACE [17]
implements the Hauser–Feshbach formalism to calculate the emission of
light particles in the equilibrium stage. Furthermore, the probability of
clustering of alpha particles [18–20] inside the projectile was also taken into
account to describe the experimental double-differential spectra in a better
way.

4.2 Theoretical model

In the Griffin’s model of nuclear reactions, the relaxation of the compound
nucleus to the equilibrium state is described by the master equation given
by:

d
dt

q(n, t) =
m=n+2

∑
m=n−2

λm→nq(m, t)− q(m, t)
(

ω(n) +
m=n+2

∑
m=n−2

λn→m

)
where q(n, t) is the occupational probability for the composite nucleus state
n, ω(n) is the emission rate of light particles, λm→n is the internal transition
rate. λm→n nare determined by the matrix elements of the transitions,
〈|M|2〉, and the density of exciton states to which the transition occurs
which are in turn determined by single particle level density g. The single
particle level density g is related to the level density parameter a ain Fermi
gas model by the relation g = 6a/π2. Here we have regarded three values
as free parameters, the transition matrix element, the single particle level
density and the initial exciton configuration. In our case we used initial
exciton number as n0 = 15(14p, 1h). The pre-equilibrium processes have
been accommodated in the code for the estimation of double differential
cross section. Furthermore, the probable effect of the clustering process of
the projectile nucleus on the yield of secondary alpha particles have also
been added. The emission of alpha particles at equilibrium was calculated
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using the Hauser-Feshbach formalism as included in the PACE code. A
detailed theoretical description of the model can be found in O.V. Fotina, et
al. [15].

4.3 Experimental Details

The experiment was performed at the cyclotron facility of the iThemba
LABS, Somerset West, South Africa, where the beam of 14N ions of 250 MeV
energy was supplied. A detailed description of the facility can be found in
J.V. Pilcher, et al. [21]. The beams were focused on the target mounted at the
centre of a 1.5 m diameter scattering chamber. The targets were mounted
in aluminium frames with 25 mm diameter apertures. The 93Nb and 59Co
target thicknesses were 1.72 mg/cm2 and 1.00 mg/cm2, respectively. A set of
two ∆E− E Si surface-barrier detectors were used for particle identification,
whose thicknesses were selected in such a way so as to cover both a lower
and a higher energy region. One telescopes had thicknesses of 30 µm and
500 µm while the other had thicknesses of 100 µm and 2000 µm, respectively.
Both detectors were mounted on two rotatable arms inside the scattering
chamber on opposite sides of the beam and in the same reaction plane.
By combining the data from both the telescopes, complete en-ergy spectra
was obtained. Other details of the detector arrangement and electronics
used in the experiment can be found in the paper of another similar type of
experiment performed here [5]. Data were acquired at various scattering
angles ranging from 8°- 120°. The overall systematic uncertainty of the
absolute cross section values is estimated to be less than 10%.

4.4 Results and Discussion

Figs. 4.1 and 4.2 show energy spectra of alpha particles at various angles in
the reaction of 14N with 59Co and 93Nb at an incident energy of 250 MeV. It
can be seen that at very forward angles (8°- 15°) the cross-section remains al-
most constant between 40 MeV to 80 MeV, while for alpha-particles emitted
with energies above 80 MeV, there is a rapid decrease in the cross-section as
the energy increases. But at higher angles there is no such type of constant
region and the cross-section keeps on decreasing rapidly with alpha particle
energy right from the start. This trend is seen because of the spectator alpha
particles, which are produced in the breakup of the projectile, and whose
contribution decreases very rapidly at relatively larger angles (> 20°) as seen
in the literature [22, 23]. It is these spectator alphas which are responsible
for high energy tail.
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Figure 4.1: Experimental double differential α-particle spectra for the interaction of
14N with 59Co at incident energy of 250 MeV.
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Figure 4.2: Experimental double differential α-particle spectra for the interaction of
14N with 93Nb at incident energy of 250 MeV.
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The “flat” region of the low energy alphas in the forward angle curves
can be said to have majority of contribution from alphas which are re-
emitted with reduced energy after undergoing incomplete fusion. These
are created in the breakup of the projectile and, at incident energy used
in present study and higher, there are high chances that they will not get
dissociated immediately in the target nucleus after fusion and will survive
for a few interactions with the nucleons and will get re-emitted with reduced
energy in the forward cone. Results indicates that there is∼ 50-70% decrease
in energy of alpha particles after the fusion, when they are re-emitted.
As we go towards higher angles, it is seen that the contribution of alpha
particles coming from break-up decreases drastically and re-emission and
pre-equilibrium emission becomes dominant mode of emission.

As shown in Figs. 3 and 4 we have compared our experimental results
for 59Co target with the modified PACE code which takes into account
equilibrium and pre-equilibrium processes. At forward angles (15°and 25°)
there is a large underestimation by the code as in this region the contribution
from direct reactions are very much dominant. But as we go towards
higher angles (above 40°) this underestimation reduces, as the contributions
from direct reaction decreases and pre-equilibrium emission become the
dominant modes of alpha particle emission within the range of 40°to 80°.

At even larger angles (backward angles) the contribution of pre-equilibrium
alpha particles also becomes negligible as mostly only emission from the
equilibrium state persists.

Figs. 4.5 and 4.6 show the comparison of experimental data with pre-
dictions by the modified PACE code for the 93Nb target at various angles.
These spectra show asimilar trend as that of 59Co. The dominant alpha
emission mechanism in various regions is same as that in the case of 59Co.

Fig.4.7 shows the angular distribution of alpha particles for various
emission energies. It can be seen that alpha particles with energies more
than 150 MeV are not emitted at emission angle more than ∼50°. As the
emission energy increases the angular distribution becomes more and more
forward peaked. In the emission region below 150 MeV, re-emission after
incomplete fusion, pre-equilibrium and evaporation emissions becomes
dominant mode of emission. Majority (∼90 %) of alpha particles emitted
have relatively low energies (below 90 MeV) which means pre-equilibrium
and evaporation mechanism are the major contributors to the emission of
alpha particles as compared to direct processes.
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Figure 4.3: Comparison between experimental and theoretical double differential
α-particle energy spectra for the interaction of 14N with 59Co at an incident energy
of 250 MeV at various angles. Solid spheres (black) are experimental data points
which include error bars and the results of modified PACE4 are shown as solid
curve (red).
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Figure 4.4: Comparison between present experimental double differential α-particle
energy spectra for the interaction of 14N with 59Co at 250 MeV (solid symbols) and
modified PACE4 (solid lines).
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Figure 4.5: Comparison between experimental and theoretical double differential
α-particle energy spectra for the interaction of 14N with 93Nb at an incident energy
of 250 MeV at various angles. Solid spheres (black) are experimental data points
which include error bars and the results of modified PACE4 are shown as solid
curve (red).

100



4.4. Results and Discussion

5 0 1 0 0 1 5 0 2 0 0

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

5 0 1 0 0 1 5 0 2 0 0

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

5 0 1 0 0 1 5 0 2 0 0

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

5 0 1 0 0 1 5 0 2 0 0

1 0 - 1

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

 5 0 0

 8 0 0

 6 0 0

E n e r g y  ( M e V )

d2 s/d
E.d

W 
(m

b/M
eV

.sr
)

 1 0 0 0

Figure 4.6: Comparison between present experimental double differential α-particle
energy spectra for the interaction of 14N with 93Nb at at 250 MeV (solid symbols)
and modified PACE4 (solid lines).
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