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Abstract. Recent experimental studies have shown the presence of pre-compound emission component in heavy
ion reactions at low projectile energy ranging from 4 to 7 MeV/nucleons. In earlier measurements strength of
the pre-compound component has been estimated from the di↵erence in forward-backward distributions of
emitted particles. Present measurement is a part of an ongoing program on the study of reaction dynamics of
heavy ion interactions at low energies aimed at investigating the e↵ect of momentum transfer in compound, pre-
compound, complete and incomplete fusion processes in heavy ion reactions. In the present work on the basis
of momentum transfer the measurement of the recoil range distributions of heavy residues has been used to de-
cipher the components of compound and pre-compound emission processes in the fusion of 16O projectile with
159Tb and 169Tm targets. The analysis of recoil range distribution measurements show two distinct linear mo-
mentum transfer components corresponding to pre-compound and compound nucleus processes are involved.
In order to obtain the mean input angular momentum associated with compound and pre-compound emission
processes, an online measurement of the spin distributions of the residues has been performed. The analysis
of spin distribution indicate that the mean input angular momentum associated with pre-compound products
is found to be relatively lower than that associated with compound nucleus process. The pre-compound com-
ponents obtained from the present analysis are consistent with those obtained from the analysis of excitation
functions.

1 Introduction

The pre-compound (PCN) emission process in heavy ion
reactions at relatively low energies ranging from 4 to 7
MeV/nucleon has been a topic of recent interest [1], since
it is, generally, expected to occur at relatively high ener-
gies ⇡10-15 MeV/nucleon[2]. The PCN process may be
understood as the fusion of two heavy nuclei in such a way
so that a composite nucleus forms far from the statistical
equilibrium, and a large fraction of its energy is consid-
ered to be in the form of an orderly translational motion
of the nucleons of the projectile and target nucleus[3–8].
This orderly motion transforms slowly into chaotic ther-
mal motion through a series of two-body interactions. The
thermalization process completes when the composite nu-
cleus reaches a state of thermal equilibrium referred to as
compound nucleus (CN). During the thermalization of an
excited composite system, it may be possible that a single
nucleon or a cluster of nucleons having considerable en-
ergy is ejected into the continuum. As soon as the state of
thermal equilibrium is attained, the accumulation of suffi-
cient energy on a single nucleon or a cluster of nucleons
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may occur in a random sequence of events and hence, may
require much longer emission times favoring the emission
of low energy particles. The emission of such light par-
ticles prior to the establishment of thermodynamic equi-
librium of the composite system are termed as the PCN
particles and the reaction mechanism is referred to as the
PCN process.

The time scale at which PCN emissions occur is very
short ⇡10−21 sec., while for further evaporations from
the equilibrated nucleus take a longer time ⇡10−16 sec.
The rate of emission of the PCN nucleons depends on
the complexity of self-consistent mean-field interaction
between the projectile and target nucleus, their structure
e↵ects[7, 9] and excitation energy availed by nucleons of
composite system. This determines the initial energy dis-
tribution among the nucleons in the projectile and the tar-
get nuclei, which starts a cascade of nucleon-nucleon in-
teractions as soon as the two nuclei touch each other. Some
of the important experimental characteristics of the PCN
process are; (i) the presence of a larger number of high-
energy particles as compared to the spectrum predicted by
the statistical model, (ii) forward-peaked angular distribu-
tion of the emitted particles through PCN process, (iii) ob-
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servation of smaller recoil range/linear momentum of the
evaporation residues left over emission of PCN particles
as compared to CN particles, (iv) observation of lower
value of the spin with PCN process as compared to CN
process, (v) slowly decreasing tails of the excitation func-
tions (EFs) etc.,

In the earlier measurements, the relative strengths of
the PCN and CN components in the reactions were esti-
mated from the enhancement in the flux of emitted light
particles in the forward direction over the backward di-
rection. The other method often employed is to analyze
the measured EFs of evaporation residues by comparing
with the statistical model predictions. The observed de-
viation in EFs with statistical model predictions at rela-
tively higher projectile energies side (tail portion of the
EFs) is attributed to the PCN emission process. During
last few decades the understanding of the PCN and the CN
emission in light ion reactions has been well studied but in
heavy ion reactions it needs to be further explored partic-
ularly for those associated with the emission of light par-
ticles in primary stage in a very short reaction time (10−21

s) prior to the establishment of equilibrated CN[7, 10–14].
The emission of such PCN particles reduces the momen-
tum of the product residues. As such, the measurements of
the momentum transfer during the interaction may provide
a promising tool for the characterization of the reaction
mechanism involved.

Although, information about the momentum transfer
in heavy ion reaction may also be obtained by several
methods[2, 15, 16], in the present measurements this in-
formation has been obtained from the study of the re-
coil range distributions (RRDs) and the spin distributions
(SDs) of the reaction residues. Since emitted PCN parti-
cles takes away a significant part of angular momentum as
compared to CN particles, the angular momentum associ-
ated with the PCN products is relatively lower than that
associated with the CN process. Therefore, in PCN reac-
tions, the residues are populated at relatively lower spin
states as compared to those of the residues populated via
CN process. This paper is organized as follows. The ex-
perimental details and analysis of RRDs, SDs and EFs are
given in the subsections of the section 2. The conclusions
drawn from the analysis are given in the section 3 of this
paper.

2 Experimental details and analysis

In the present paper the following three self-consistent
measurements i.e., (i) the recoil range distributions
(RRDs), (ii) the spin distributions (SDs) of the product nu-
clei and (iii) the excitation functions (EFs), have been per-
formed in the interaction of 16O projectile with 159Tb and
169Tm targets. In both RRDs and EFs measurements, the
detection of delayed γ-rays of product residues takes place
through the recoil catcher o↵-line spectroscopy based ac-
tivation technique. However, the measurements of the
SDs is based on the detection of prompt γ-rays of prod-
uct residues in a particle-γ coincidence experiments in for-
ward and backward directions. A brief description on each
experiment carried out in the Inter University Accelerator

Figure 1. (Color online) The experimentally measured RRDs
for the reactions 159Tb(16O,2n)173Ta, 159Tb(16O,pn)173Hf and
159Tb(16O,3n)172Ta at energy ⇡90 MeV. In this figure a Gaus-
sian peak (blue dotted curve) obtained from ORIGIN software
at higher cumulative thickness represents CN contribution while
other Gaussian (red dashed curve) at lower thickness represents
PCN contribution.

Centre (IUAC), New Delhi, India along with their results
are given in following subsections;

2.1 Measurement and Analysis of Recoil Range

Distributions

In order to investigate the role of linear momentum trans-
fer in the PCN emission, the experiments have been car-
ried out at in the General Purpose Scattering Chamber
(GPSC) of IUAC, New Delhi, India to measure the RRDs
of recoiling residues produced both by the CN and the
PCN emission processes in the reactions 159Tb (16O,2n)
173Ta, 159Tb (16O,pn) 173Hf and 159Tb(16O,3n)172Ta for the
16O+159Tb system at 90 MeV and for reactions 169Tm(16O,
2n)183Ir and 169Tm(16O, 3n)182Ir in the 16O+169Tm system
at incident energy 88 MeV, respectively. The Coulomb
barrier for systems 16O+159Tb and 16O+169Tm are ⇡ 64
and 67 MeV respectively. In this experiment, the target
(thickness ⇡ 500 µg/cm

2 for 169Tm and ⇡ 400 µg/cm

2 for
159Tb) followed by a stack of nearly fifteen thin Al catcher
foils of varying thickness (⇡ 16-45 µg/cm

2 prepared by
vacuum evaporation technique) was mounted in the GPSC
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fer in the PCN emission, the experiments have been car-
ried out at in the General Purpose Scattering Chamber
(GPSC) of IUAC, New Delhi, India to measure the RRDs
of recoiling residues produced both by the CN and the
PCN emission processes in the reactions 159Tb (16O,2n)
173Ta, 159Tb (16O,pn) 173Hf and 159Tb(16O,3n)172Ta for the
16O+159Tb system at 90 MeV and for reactions 169Tm(16O,
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at incident energy 88 MeV, respectively. The Coulomb
barrier for systems 16O+159Tb and 16O+169Tm are ⇡ 64
and 67 MeV respectively. In this experiment, the target
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2 for 169Tm and ⇡ 400 µg/cm

2 for
159Tb) followed by a stack of nearly fifteen thin Al catcher
foils of varying thickness (⇡ 16-45 µg/cm

2 prepared by
vacuum evaporation technique) was mounted in the GPSC

Figure 2. (Color online) (a-c). The experimental RRD for the
reactions 169Tm(16O,2n)183Ir and 169Tm(16O,3n)182Ir at energy
⇡88 MeV. In this figure a Gaussian peak (blue dotted curve)
at higher cumulative thickness represents CN contribution while
other Gaussian (red dashed curve) at lower thickness represents
PCN contribution.

normal to the beam direction. Furthermore, srim[17] cal-
culations of energy loss in the target sample has been per-
formed to calculate the energy of recoiling residues at the
mid of the target. Depending on the momentum carried
away by the product residues, the recoiling residues were
trapped at di↵erent ranges in the stack of thin Al-foils. The
duration of irradiation was about 15 hrs. The thickness of
the catcher foils was measured precisely prior to their use,
by measuring the energy loss su↵ered in each catcher foil
by 5.485 MeV ↵ particles from 241

Am source. The code
srim[17] was used for determining the thickness from the
energy loss measurements.

The activities induced in each thin catcher were fol-
lowed o↵-line for about two weeks using a pre-calibrated
high resolution (2 keV for 1.33 MeV γ ray of 60Co) HPGe
detector. The experimental cross-section (σ) for the reac-
tion products in di↵erent catcher foils were divided by its
respective thickness that gives the resulting yield of exper-
imentally measured RRDs. The experimental uncertain-
ties in cross-section is <10% that arise due to various fac-
tors viz., uncertainty in the number of target nuclei due to
non-uniformity in sample thickness, the fluctuations in the
beam current, uncertainty in the determination of detector
efficiency, statistical error in counts and the dead time of
the counting system. The experimentally measured RRDs
for reactions 159Tb(16O,2n)173Ta, 159Tb(16O,pn)173Hf and
159Tb(16O,3n)172Ta at 90 MeV are shown in Fig 1 (a-c).

Solid curve in this figure guides the eye to the experimen-
tal RRD data. As can be seen from this figure that the
experimental RRD data for these reactions has two peaks,
one at a relatively lower value (⇡ 250-300µg/cm

2, depend-
ing on straggling and number of evaporation residues) of
cumulative catcher thickness and the other at ⇡ 400-450
µg/cm

2. The peak at ⇡ 400-450 µg/cm

2 corresponds to
the fraction of residue produced through the CN process
and is consistent with the full momentum transfer events in
complete fusion reactions. The peak at relatively smaller
range may be attributed to the fact that the residues 183Ir
are produced via the PCN process when emission of neu-
trons takes place prior to the establishment of thermody-
namical equilibrium. The theoretical value (mean range)
of the experimental RRD data is calculated with the help
of energy loss program of the code srim and this value of
mean range is fed in the program origin to fit the Gaussian
peak of the experimental RRD. The Gaussian peak (shown
by red dashed curve) at lower cumulative catcher thickness
of larger width is obtained which shows the contribution of
PCN emission. By using similar procedure, the RRDs for
reactions 169Tm(16O,2n)183Ir and 169Tm(16O,3n)182Ir have
also been measured at ⇡88 MeV. The experimental RRDs
with their theoretical simulations for these reactions are
shown in Fig 2 (a-b), respectively. The peaks in the exper-
imental RRD arise due to the overlap of the heavy residues
produced via two di↵erent reaction mechanism i.e, the CN
and the PCN emission of particles. As can be seen from
this figure that the experimental RRD data for the reaction
169Tm(16O,2n)183Ir has two peaks, one at a relatively lower
value (⇡ 200-250µg/cm

2) of cumulative catcher thickness
and the other at ⇡ 330-380 µg/cm

2. The peak at ⇡ 330-380
µg/cm

2 corresponds to the fraction of residue produced
through the CN process. It is pointed out here that due
to short half live(⇡15 min) of the residue 182Ir, we could
measure only the RRD corresponds to CN component.

2.2 Measurement and Analysis of Spin

Distributions

The second experiment based on particle-gamma coinci-
dence technique has been performed for measuring the
population of spin states during de-excitation of reac-
tion residues. In the present work, the spin-distributions
of the reaction 159Tb(16O,2n)173Ta at ⇡93 MeV and for
169Tm(16O,2n)183Ir at ⇡88 MeV have been measured us-
ing Gamma Detector Array (GDA) alongwith Charged
Particle Detector Array (CPDA). The Experimental de-
tails are given in Ref. [21]. However, we mention them
here in brief for ready reference. The GDA is an assem-
bly of 12 Compton suppressed, high resolution HPGe γ-
spectrometers arranged at 450, 990, and 1530 angles with
respect to the beam axis and there are four detectors at
each of these angles. The CPDA is a set of 14-phoswich
detectors housed in a 14 cm diameter scattering cham-
ber, covering nearly 90% of total solid angle. The re-
action residues have been identified from their character-
istic prompt γ-transition lines [22]. The values of rela-
tive production yields of the residues (observed area under
the peak of the experimentally measured prompt gamma
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Figure 3. (Color online) The experimentally measured spin dis-
tributions for reactions 169Tm(16O,2n)183Ir in forward and back-
ward directions. The curve and line in this figure guide the eye
as a best fit to the experimentally normalized yield of spin distri-
butions of PCN and CN processes.

lines with proper detector efficiency correction) have been
plotted as a function of observed spin J

obs

correspond-
ing to prompt gamma-transitions[23]. The relative yield
has been normalized with minimum observed spin (Jmin

obs

)
at highest yield (Ymax

obs

). As a representative case the ex-
perimentally measured SDs obtained from prompt γ-rays
recorded in forward and backward directions for the reac-
tion 169Tm(16O,2n)183Ir are shown in Fig 3 (a) and 3(b) at
88 MeV, respectively. As can be seen from these figures,
the measured SD and hence its decay pattern for this reac-
tion obtained in the forward and backward directions are
distinctly di↵erent from each other indicating widely dif-
ferent reaction mechanisms involved. It may be pointed
out the entirely di↵erent shapes of SDs in forward and
backward directions indicate that the two processes are
quite di↵erent in nature.

The observed lower value of the mean input angular
momentum (⇡ 8.5~) in forward direction is due to the fact
that emission of two PCN neutrons takes away a signif-
icant part of the angular momenta. On the other hand a
relatively higher observed value of the mean input angular
momentum in backward direction (⇡ 11.5~) is because of
the emission of two equilibrated neutrons. As such, it is
concluded that distinctly di↵erent SDs give a direct evi-
dence of the PCN emission process. Thus, the results of
the measurements of the SDs further supplement the con-
clusions drawn from the RRDs measurements.

Figure 4. (Color online) (a-d) The experimentally mea-
sured EFs for reactions 159Tb(16O,2n)173Ta, 159Tb(16O,pn)173Hf,
159Tb(16O,3n)172Ta, and 169Tm(16O,2n)183Ir, respectively. The
theoretically calculated EFs by using code pace4 gives negligi-
bly small values of cross-sections for all these reactions except
for 159Tb(16O,3n)172Ta. The experimentally measured EFs and
the pace4 predictions with di↵erent values of parameter K from
K=8 to K=10 for reaction 159Tb(16O,3n)172Ta is also shown in
Fig 4(b).

2.3 Measurement and Analysis of Excitation

Functions

The thirds experiment has been carried out for measuring
the EFs by using stacked foil activation technique. In this
experiment the stacks consisting of (159Tb and 169Tm) tar-
get samples followed by Al foils of suitable thickness have
been irradiated for ⇡8-10 h in a GPSC of 1.5 m diameter
having an in-vacuum transfer facility. The Al foils serve
as energy degrader as well as catcher foil where the recoil-
ing residues are trapped. The pertinent decay data required
for cross-section measurements of the reaction residue has
been taken from Ref.[24]. The activities produced in each
target catcher assembly have been measured using a high
resolution large volume (100 c.c.) High Purity Germa-
nium Detector (HPGe). The reaction cross sections for the
product residues have been obtained from the measured
intensities of the characteristic γ-rays using the standard
formulation[1].

The analysis of experimental EFs has been performed
within the framework of statistical model calculations
based on code pace4[25] that calculates the reaction cross-
section for evaporation residues (not for pre-compound
residues) using the Bass formula[26]. The level den-
sity used in this code is calculated from the expression
a = (A/K), where, A is the mass number of the compound
nucleus and K is a free parameter known as level density
parameter constant. The experimentally measured EFs
for the reactions 159Tb(16O,2n)173Ta, 159Tb(16O,3n)172Ta,
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as energy degrader as well as catcher foil where the recoil-
ing residues are trapped. The pertinent decay data required
for cross-section measurements of the reaction residue has
been taken from Ref.[24]. The activities produced in each
target catcher assembly have been measured using a high
resolution large volume (100 c.c.) High Purity Germa-
nium Detector (HPGe). The reaction cross sections for the
product residues have been obtained from the measured
intensities of the characteristic γ-rays using the standard
formulation[1].

The analysis of experimental EFs has been performed
within the framework of statistical model calculations
based on code pace4[25] that calculates the reaction cross-
section for evaporation residues (not for pre-compound
residues) using the Bass formula[26]. The level den-
sity used in this code is calculated from the expression
a = (A/K), where, A is the mass number of the compound
nucleus and K is a free parameter known as level density
parameter constant. The experimentally measured EFs
for the reactions 159Tb(16O,2n)173Ta, 159Tb(16O,3n)172Ta,

159Tb(16O,pn)173Hf and 169Tm(16O,2n)183Ir in the energy
range ⇡70-95 MeV are shown in Figs. 4 (a) to 4(d), re-
spectively. The half-lives of these evaporation residues
173Ta, 172, 173Hf and 183Ir are 3.14 h, 36.8 m, 23.6 h and
57 m, respectively. The solid curves in these figures guide
to the eye to the experimentally measured EFs. The the-
oretically calculated EFs by using code pace4 gives neg-
ligibly small values of cross-sections for all these reac-
tions except 159Tb(16O,3n)172Ta, hence, the cross-section
values obtained from code pace4 are not shown in figures
4(a), 4(c) and 4(d). In the present calculations, the e↵ect
of variation of parameter K from K=8 to K=10 of code
pace4 on measured EFs for reaction 159Tb(16O,3n)172Ta is
also shown in Fig. 4(b). As can be seen from this fig-
ure, by varying the value of K, the experimentally mea-
sured EFs could not be reproduced in higher energies (tail
portion of EFs) side. The higher values of experimental
cross sections in the tail portion of EFs for this reaction as
compared to the theoretical calculations may be attributed
to the PCN emission process, which is one of the domi-
nant mode reaction channels and is not considered in the
pace4 calculations. It means that analysis of EFs with
code pace4 gives negligible contribution of CN process
for the reactions 159Tb(16O,2n)173Ta, 159Tb(16O,pn)173Hf
and 169Tm(16O,2n)183Ir , while the analysis of RRD for
the same reactions gives energy dependent contributions
of the CN and the PCN processes. This shows that
RRD measurements are much sensitive as compared to
those of EFs. The analysis of measured EFs for reac-
tion 169Tm(16O,3n)182Ir gives a contribution of ⇡35% PCN
and ⇡65% of CN at ⇡88 MeV as shown in Fig 4 (b).
This data is consistent with the corresponding values ob-
tained from the RRD measurements at ⇡88 MeV. Further,
the reasonable agreement between the two sets of experi-
ments speaks favorably on the consistency of these mea-
surements.

3 Conclusions

The significant contribution due to PCN process has been
observed. The results obtained by RRDs are supported
by the SD measurements. The RRD measurements are
found to be sensitive tool to decipher the CN and the PCN
processes. The auxiliary experiments on the EF measure-
ments is found to be consistent with both the RRD and SD
measurements.
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