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With the view to study complete and incomplete fusion in heavy ion induced reactions, experiments have
been carried out for measuring excitation functions for several reactions in the system16O+169Tm at energies
near the Coulomb barrier to well above it, using an activation technique. The measured excitation functions
have been compared with those calculated theoretically using three different computer codes viz.,ALICE-91,
CASCADE andPACE2. The enhancement of experimentally measured cross sections for alpha emission channels
over their theoretical prediction has been attributed to the fact that these residues are formed not only by
complete fusion but also through incomplete fusion. In order to separate out the relative contributions of
complete and incomplete fusion, the recoil range distributions of eight residues produced in the interaction of
16O with 169Tm at <87 MeV have been measured. The recoil range distributions indicate significant contri-
butions from incomplete fusion at<87 MeV for some of the channels.
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I. INTRODUCTION

During the last couple of years there has been a renewed
interest in the study of incomplete fusion reactions in heavy
ion (HI) interactions particularly with heavier target nuclei. It
has been observed that at energies just above the Coulomb
barrier, both the complete fusion(CF) and the incomplete
fusion (ICF) may be the dominant reaction mechanisms. In
CF reactions, the incident ion completely fuses with the tar-
get nucleus, forming an excited composite system, from
which particles and/org-rays may be emitted. However, in
case of ICF, the projectile is assumed to break up into the
fragments(e.g.,16O may break up into12C and ana-particle;
two 8Be fragments; ana-particle and12C), one of which
fuses with the target nucleus while the rest of it moves in the
forward direction with almost same velocity as that of inci-
dent ion. The excited system formed as a result of the fusion
of one of the fragments of the incident ion may also under go
de-excitation by the emission of particles and/or gamma
rays. Recent measurements of excitation functions(EFs)
[1–4] for the production of large number of residues in HI
reactions have indicated that ICF plays an important role in
such reactions. However, the relative contributions of CF and
ICF components, their dependence on energy, projectile-
target combinations, etc. have not yet been fully explored
and understood. Such measurements are still limited to a few
systems only. As such, to have a better understanding of CF
and ICF processes, more experimental data on EFs and recoil
range distributions(RRDs) of the residues in HI reactions,
covering a wide range of the periodic table and energy is
required. It is possible to separate out the relative contribu-
tions of various ICF channels at energies near and just above
the Coulomb barrier from the measurement of EFs and the
RRD of evaporation residues. The measurement of RRD is

based on the linear momentum transfer of the projectile to
the target nucleus. In CF reactions, the linear momentum is
completely transferred to the target nucleus, while in the case
of ICF reactions, partial transfer of projectile momentum
takes place. Most of the earlier studies of ICF reactions have
been done at beam energies.10 MeV/nucleon using
medium-mass targets. However, there are limited studies at
lower beam energies with heavier targetssA.150d. Further,
when medium mass targets are used, it becomes difficult to
distinguish the residues produced by CF and ICF mecha-
nisms, asa-emission from the fused excited system is quite
pronounced. However, if heavier targets are used, the emis-
sion of a-particles from the fused excited system is likely to
be substantially reduced[5] due to the high Coulomb barrier.
As a result, the emission ofa-particles in ICF channels will
give rise to heavy residues which have a very little contribu-
tion from CF channels. With a view to study CF and ICF in
several projectile-target combinations, a program of precise
measurement and analysis of EFs and RRD has been under-
taken [6–10]. In the present work, excitation functions for
eight reactions in the system16O+169Tm, in the energy range
<71–95 MeV and recoil range distributions of the residues
in the Al-catcher foils at<87 MeV beam energy have been
measured, using the activation technique. The measured EFs
have been compared with theoretical calculations done using
three different codes viz.,ALICE-91 [11], CASCADE [12], and
PACE2 [13]. To the best of our knowledge these EFs as well
as the RRDs have been measured for the first time. The
analysis of EFs and RRDs have clearly indicated that ICF is
a dominant mode of reaction mechanism at these energies.
The experimental details are discussed in Sec. II of the paper.
The analysis of excitation functions and recoil range distri-
bution are given in Secs. III and IV of the paper, respectively.
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II. EXPERIMENTAL DETAILS

Excitation functions

The experiments have been carried out using the 15 UD
Pelletron accelerator facility of the Nuclear Science Center
(NSC), New Delhi, India. Details of sample preparation, ir-
radiation, post-irradiation analysis, etc., are given in the fol-
lowing sections.

1. Sample preparation

The samples of natural169Tm were prepared by the
vacuum evaporation technique. The thickness of each target
was determined by thea transmission method which is based
on the measurement of the energy lost by 5.485 MeVa par-
ticles obtained from an241Am source, while passing through
the sample. The thicknesses of the169Tm deposited on Al-
foils s<1.5 mg/cm2d were<0.6 mg/cm2. The samples were
cut into size of 1.231.2 cm2 each and were pasted on rect-
angular Al-holders having concentric holes of 1.0 cm diam-
eter. The Al-holders were used for rapid heat dissipation. The
thick Al-backing of169Tm samples served both as an energy
degrader as well as a catcher, so that recoiling residues may
be trapped in catcher thickness.

2. Irradiation

The irradiations were carried out in the General Purpose
Scattering Chamber(GPSC) of 1.5 m diameter having an
in-vacuum transfer facility at the Pelletron accelerator facil-
ity of NSC, New Delhi, India. Two stacks containing four
169Tm samples each were irradiated by an16O7+ beam at
<92 and <95 MeV, respectively. The beam current was
<30–50 nA. The targets of169Tm backed by an Al-catcher
were placed normal to the beam direction so that the recoil-
ing nuclei coming out of the target may be trapped in the
catcher foil. Keeping in view the half lives of interest, the
irradiations were carried out for<8 hours duration each. The
delay time between the stop of irradiation and the beginning
of counting was minimized using an in-vacuum transfer of
samples. The total charge collected in the Faraday cup has
been used to calculate the flux of the beam.

3. Post-irradiation analysis

The stack of samples after irradiation was taken out from
the scattering chamber using an in-vacuum transfer facility.
The activities induced in various samples were recorded by
counting the target and catcher foils together using a HPGe
g-ray spectrometer coupled to the PC based multichannel
analyzer. Software FREEDOM[14] has been used for re-
cording and analysis of the data. The HPGe detector(reso-
lution <2 keV for a 1.33 MeVg-ray of 60Co) was pre-
calibrated both for energy and efficiency using various
standardg sources like22Na, 54Mn, 57,60Co, 133Ba, 137Cs, and
152Eu. The geometry dependent efficiency of the HPGe de-
tector for various source-detector distances was determined
using a152Eu source. A typicalg-ray spectrum of an irradi-
ated169Tm sample at 92 MeV is shown in Fig. 1. The vari-
ous peaks in observedg-ray spectra were assigned to differ-
ent residues on the basis of their characteristic energy and

measured half-lives. The data for the half-life was fitted us-
ing the software ORIGIN. A list of reactions, energy of iden-
tified g-rays and their branching ratios are given in Table I.
The intensities of the characteristicg-rays were used to com-
pute the reaction cross sections using the formulation[9]

srsEd =
Al expslt2d

NofuKsG«df1 − exps− lt1dgf1 − exps− lt3dg
,

s1d

whereA is the observed counts during the accumulation time
t3 of the induced activity of decay constantl, N0 is the
number of target nuclei irradiated for timet1 with a particle
beam of flux f, t2 is the time lapse between the stop of
irradiation and the start of counting,u is the branching ratio
of the characteristicg ray andG« is the geometry dependent

FIG. 1. A typical observedg-ray spectrum for the16O+169Tm
system at 92 MeV.

TABLE I. List of reactions, energy of identifiedg-rays and their
branching ratios.

S. No. Reaction
Eg

(keV)
Abundance

(%)

1. 169Tms16O,3nd182Ir 126.9 34.4

273.1,764.2 43,5.6

891.1,912.2 5.7,8.7

2. 169Tms16O,4nd181Ir 107.6,123.5 15.2,4.3

184.6,227.0 4.3,8.9

231.6,318.9 4.6,7.0

3. 169Tms16O,p2nd182Os 180.22 34.7

263.29 6.6

4. 169Tms16O,p3nd181gOs 238.68 44

826.74 20.2

5. 169Tms16O,2p2nd181Re 360.7 20

365.59 57.0

6. 169Tms16O,a3nd178Re 237.19 45

7. 169Tms16O,2apnd175Hf 343.4 87

8. 169Tms16O,3and172Lu 1093.6 63.5
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efficiency of the detector. The factorf1−exps−lt1dg takes
care of the decay of evaporation residue during the irradia-
tion and is typically known as the saturation correction. The
correction for the decay of the induced activity due to the
delay between the stop of irradiation and the start of count-
ing and during the data accumulation is taken into account
via the factors expslt2d and f1−exps−lt3dg, respectively.K
=f1−exps−mdd /mdg is the correction for the self absorption
of the g radiations in the sample thickness itself, whered is
the thickness of the sample andm is the g ray absorption
coefficient.

Excitation functions for reactions169Tms16O,3nd182Ir,
169Tms16O,4nd181Ir, 169Tms16O,p2nd182Os,
169Tms16O,p3nd181Os, 169Tms16O,2p2nd181Re,
169Tms16O,a3nd178Re, 169Tms16O,2apnd175Hf, and
169Tms16O,3and172Lu have been measured in the energy
range<71–95 MeV. The measured cross sections are tabu-
lated in Table II. It may be pointed out that reactions
169Tms16O,3nd182Ir, 169Tms16O,4nd181Ir,
169TmsO,p2nd182Os, and 169Tms16O,p3nd181Os may be
populated only via CF. However, the reactions
169Tms16O,2p2nd181Re, 169Tms16O,a3nd178Re,
169Tms16O,2apnd175Hf, and 169Tms16O,3and172Lu may be
populated not only by CF but also by ICF.

In the interaction of heavy ions with a target nucleus,
some of the residues are produced directly(independent
yield) while some of them are also produced in the decay of
a higher charge isobar precursor(cumulative yield) nucleus
throughb+ emission, and/or electron capture. For such cases,
cumulative cross sections have been measured if the half-life
of the precursor is considerably smaller than that of the resi-
due, by analyzing the induced activities at times greater than
about eight to ten half-lives of the precursor. The cumulative
cross section of a given residue is the sum of(i) its indepen-
dent production cross section and(ii ) the cross section for
the independent production of its precursor multiplied by a
numerical coefficient which depends on the branching ratio
for precursor decay to residue and the half-lives of the pre-
cursor and the residue. In such cases, the analysis given by
Cavinatoet al. [15] has been used to separate the contribu-
tion from precursor decay.

This has been done for the residue182Os, which may be
formed via the reaction169Tms16O,p2nd and may also be

populated by theb+ decay of higher charge isobar precursor
182Ir produced via the reaction169Tms16O,3nd. As such, the
measured activity of residue182Os has contributions from the
precursor decay also. In the present work, the precursor con-
tribution for the reaction169Tms16O,p2nd has been separated
and the cumulative as well as independent yields for this
residue are given in Table II. The cross section for181Os
given in Table II is cumulative, since this residue produced
via reaction169Tms16O,p3nd may also be populated through
the b+ decay of higher charge isobar pre-cursor181Ir pro-
duced via reaction169Tms16O,4nd. Since theb+ decay of
181Ir produces181Os s105 mind and 181mOs s2.7 mind iso-
topes, the shorter half-life isotope could not be measured. As
such, the precursor contribution for181Os could not be de-
duced.

III. ANALYSIS OF EXCITATION FUNCTIONS

The analysis of presently measured excitation functions
has been performed using three different computer codes
viz., ALICE-91 [11], CASCADE [12], and PACE2 [13]. In the
following sections brief details of these codes along with
their important parameters, etc. are discussed.

A. Analysis with Code ALICE-91

The codeALICE-91 [11] has been developed by Blann, to
account for the equilibrium(CN) as well as pre-equilibrium
(PE) emission in light and heavy ion induced reactions. The
CN calculations in this code are performed using the
Weisskopf-Ewing model[17], while the PE component is
simulated using the Hybrid/Geometry Dependent Hybrid
model [18]. In this code, the configuration of the initially
excited number of particles and holes, also referred to as
initial exciton numbern0, is the starting point in any particle
induced nuclear reaction. In codeALICE-91, the intermediate
states of the system are characterized by the excitation en-
ergy E and numbernp of excited particles andnh of excited
holes. Particles and holes are defined relative to the ground
state of the nucleus and are called excitons. The initial con-
figuration of the compound system defined by the exciton
numbern0=snp+nhd is an important parameter of PE formal-
ism. The codeALICE-91 calculates two-body nuclear transi-

TABLE II. The experimentally measured cross sections.

Lab energy ss182Ird ss181Ird scums182Osd sinds182Osd scums181Osd ss181Red ss178Red ss175Hfd ss172Lud
sMeVd smbd smbd smbd smbd smbd smbd smbd smbd smbd

71.7±1.0 3.28±0.7 — 4.58±1.4 1.26±0.6 2.72±0.4 2.66±0.7 — — —

74.9±0.9 42.30±7.2 28.47±12.5 82.77±10.0 39.98±5.1 4.81±1.2 5.35±0.7 — — —

78.7±0.9 59.86±13.9 110.00±15.65 139.41±22.9 78.85±13.8 32.81±4.3 137.37±28.7 1.74±0.2 — 14.93±2.1

82.0±0.8 86.43±14.8 170.47±28.4 155.6±20.7 68.15±8.3 129.0±16.3 391.49±83.0 5.2±0.8 — 20.58±2.6

85.8±0.8 47.64±7.7 250.16±67.7 107.46±14.4 59.28±7.5 198.02±23.3 594.02±90.6 9.02±1.2 0.57±0.1 31.32±3.9

88.9±1.0 35.23±3.9 316.79±34.8 71.50±9.9 35.84±6.2 250.92±31.1 607.94±86.7 27.34±5.3 2.53±0.4 30.27±3.7

91.6±0.4 13.77±3.2 229.84±39.6 29.37±4.1 15.45±4.4 153.8±17.8 526.23±78.6 32.14±3.7 2.96±0.5 28.39±3.1

94.6±0.4 8.47±1.4 183.89±27.2 18.42±3.7 9.85±2.7 173.1±22.8 441.99±66.9 34.31±5.5 4.62±0.6 28.1±3.3
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tion rates using Pauli corrected free nucleon-nucleon scatter-
ing cross-section data. The actual mean free path(MFP)
inside the nucleus may be quite different from the one cal-
culated using free nucleon-nucleon scattering data. In order
to compensate for this difference, a parameter COST is pro-
vided in the codeALICE-91. A value of COST greater than
zero means a smaller value of actual MFP for nucleon-
nucleon scattering inside a composite excited nucleus. As
such, in this code the level density parametera, the mean
free path multiplierCOSTand initial exciton numbern0 are
the important parameters. The level density parametera
largely affects the equilibrium component, while the initial
exciton numbern0 and mean free path multiplierCOSTgov-
ern the pre-equilibrium component. The level density param-
etera is calculated from the expressiona=A/K, whereA is
the mass number of the residual nucleus andK is a parameter
which can be varied to match the experimental data. In this
work, a value ofK=22 along withn0=16s8p+8n+0hd and
COST=2, is found to reproduce the maximum magnitude of
the experimental data satisfactorily, but energy dependence
could not compare well. It may be clarified that whenALICE-
91 calculations with above mentioned values of parameters
were compared with their experimental counterparts, it was
observed that the maxima of the measured EF’s were at
higher energies than those of the calculated EF’s. This is
expected, since inALICE-91 calculations the angular momen-
tum effects have not been taken into account. In HI induced
reactions incident particle imparts relatively larger angular
momentum to the composite system. If, in the last stages of
nuclear de-excitation, higher angular momentum inhibits
particle emission more than it doesg emission, then the peak
of excitation function corresponding to the particle emission
mode will be shifted to higher energies[19]. The effect is
more pronounced in heavy ion(HI) reactions as compared to
the light ion reactions, since the rotational energy is much
greater in the case of HI reactions. An estimate of the pos-
sible shift due to angular momentum effects may be made
from the nuclear rotational energy. For a rigid body, the ro-
tational energy is given byErot<sm/MdElab. Here,m/M is
the ratio of the projectile and the target nucleus masses and
Elab is the incident energy[19]. Since the angular momentum
effects have not been considered in the Weisskopf-Ewing
calculations of the present version ofALICE-91 code, it is
desirable to shift the calculated excitation functions by the
amount approximately equal toErot as calculated above.
Similar shift has been observed in some earlier work also
[6–8]. As an example, the calculated EFs with an energy
shift equal toErot for reaction169Tms16O,3nd182Ir is shown
in Fig. 2. The unshifted calculated EF is also shown by a
dotted curve in this figure for comparison. As such, in the
present work, the calculated excitation functions for all the
reactions have been shifted byErot on the energy scale as
shown in Figs. 3 and 4 by dashed curves.

It may be mentioned that the nucleus181Ir is found to emit
about 34g-rays, the relative intensities of which are given in
the reference[16]. In the present measurements, the residual
nucleus181Ir has been identified throughg-rays of energies
106.7 keV, 123.5 keV, 184.6 keV, 227 keV, 231.6 keV, and
318.9 keV. The absolute intensities of above mentioned
g-rays were calculated using relative intensity data of refer-

ence[16] and are given in Table I. It has been observed that
the measured cross-section data agree with the theoretical
calculations of codeALICE-91, as shown in Fig. 3(b). In Figs.
3(c) and 3(d) the experimentally measured and theoretically
calculated EF’s for the reactions169Tms16O,p2nd182Os, and
169Tms16O,p3nd181Os are shown. The residue182Os may be
populated independently as well as by theb+ decay of its
higher charge isobar precursor182Ir which may be formed
via the reaction169Tms16O,3nd. The open circles in Fig. 3(c)
represent the cumulative yield for the production of the resi-
due 182Os. A brief detail of the method used for separating
precursor contribution[15] is given here.

If a precursorP is formed with cross-sectionsP during
the irradiation, and decays with half-lifeTP1/2 and a branch-
ing ratioPP, to a daughter nucleus D which is produced with
cross-sectionsD during the irradiation and decays with half-
life TD1/2, the cumulative cross-sectionsC for the production
of a daughter is given by

sC = sD + sPfTD1/2/sTD1/2 − TP1/2dgPP. s2d

Using the above formulation in the present case, the cu-
mulative yieldscum and independent yieldssind are related
by the equation

scum= sinds182Osd + 1.011709ss182Ird . s3d

The filled circles in Fig. 3(c) represent the observed indepen-
dent yield of182Os as discussed above. As can be seen from
Fig. 3(d), there is a discrepancy between the measured and
calculated EF for the reaction169Tms16O,p3nd181Os, which
may be due to the contribution from its precursor decay. The
observed enhancement, in Figs. 4(a) and 4(b), of measured

FIG. 2. The experimentally measured and theoretically calcu-
lated EFs using codeALICE-91. The calculated EF with an energy
shift equal toErot is shown by a solid curve, while unshifted EF is
represented by a dotted curve for comparison.
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EFs over their theoretically calculated values for the reac-
tions 169Tms16O,2p2nd181Re and169Tms16O,a3nd178Re may
be attributed to the fact that these channels may be popu-
lated, not only by the CF of16O but may also have signifi-
cant contributions from ICF(if 16O breaks up intoa, 8Be and
12C fragments). It may be pointed out that incomplete fusion
is not taken into account in theALICE-91 calculations. Fur-
ther, the theoretical calculations for reactions
169Tms16O,2apnd175Hf and 169Tms16O,3and172Lu are not
shown in Figs. 4(c) and 4(d), since the calculated values of
cross-sections for these cases are negligibly small
s,0.01 mbd. As such, it may be concluded that the major
contribution to these reaction channels comes from the in-
complete fusion.

B. Analysis with codeCASCADE

The codeCASCADE [12] is based on Hauser-Feshbach
theory [20] and does not consider the possibility of incom-
plete fusion(ICF) and PE emission. In this code the level
density parameter constantK and the ratio of actual moment
of inertia to the rigid body moment of inertia of the excited
systemFu are the two important parameters which may be
varied to match the experimental data. The Fermi-gas model
is used in this code to calculate the level densities of the

product nuclei. The transmission coefficients in these calcu-
lations are generated using the optical model potentials of
Becchetti and Greenlees[21] for neutrons and protons and
that of Satchler[22] for a-particles. In HI induced reactions
of interest, the high angular momentum and excitation en-
ergy is expected to have considerable influence on the de-
excitation cascade. Since in HI reactions an increase in ex-
citation energy also increases the angular momentum, as
such, the deformation of the nucleus due to the angular mo-
mentum effect may also be quite substantial. In these calcu-
lations, the deformation effects may be included by using an
angular momentum dependent moment of inertia, which re-
sults into the deviation of the yrast line from that calculated
assuming the nucleus to be a rigid sphere. The level density
parameteraf at the saddle point, which is obtained from the
relationaf =A/DAF, where,A is the mass number of the com-
pound nucleus andDAF is a parameter, has also been found
to influence the calculated EF’s considerably. It has been
observed that the parameterDAF has a considerable influence
on calculated EFs in the higher energy region. Further, a
value ofK=14, DAF=14 with Fu=0.85 is found to give sat-
isfactory agreement with experimental data. TheCASCADE

calculations in Figs. 3 and 4 are shown by dotted curves. As
may be observed from these Figs. 3(a) and 3(b), the EFs for
169Tms16O,3nd182Ir and 169Tms16O,4nd181Ir reactions are in

FIG. 3. The experimentally measured and theoretically calculated EF’s using codesALICE-91, CASCADE, andPACE2. In (c), the open circles
represent the cumulative yield for the production of the residue182Os, while dark circles represent its independent yield.
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satisfactory agreement with theoretical calculations of code
CASCADE. For reaction169Tms16O,p2nd182Os, as can be seen
from Fig. 3(c), the data peaks at a lower energy, and the
predicted cross section is considerably larger than the calcu-
lation in the lower energy side. However, in case of reactions
169Tms16O,p3nd181Os [Fig. 3(d)], the discrepancy between
the experimental and calculated excitation function may be
due to the pre-cursor contribution from the residue181Ir. The
reaction169Tms16O,2p2nd181Re needs special mention. For
this reaction, as shown in Fig. 4(a), theoretically calculated
EFs do not match with the experimentally measured values.
The theoretical calculations are much lower as compared to
that of the experimentally measured EFs. This may be attrib-
uted to the fact that this channel may be populated not only
by the CF of16O but also may have a significant contribution
from ICF. Further, for the reactions169Tms16O,2apnd175Hf,
and 169Tms16O,3and172Lu, the calculated values of EFs us-
ing code CASCADE are negligibly smalls,0.01 mbd and
could not be shown in Figs. 4(c) and 4(d). Since, the ICF has
not been considered inCASCADE calculations, it may be con-
cluded that the major contribution to these reaction channels
comes from the incomplete fusion. Further, the EF for the

residue178Re [Fig. 4(b)], which is expected to have a signifi-
cant ICF component is reproduced well by this code which is
quite surprising. In order to confirm the production of178Re
via an ICF channel, the recoil range distribution for this resi-
due has also been measured and details are is given in Sec.
IV of this paper, which clearly indicates that ICF has a sig-
nificant contribution for this channel.

C. Analysis with codePACE2

The codePACE2 [13] is based on a statistical approach. In
this code the deexcitation of the CN is followed by a Monte
Carlo procedure. The angular momentum projections are cal-
culated at each stage of deexcitation which enables the de-
termination of angular distribution of the emitted particles. In
this code the level density parameter is one of the important
parameters which may be varied to match the experimental
data. In the present work, a value of level density parameter
constantK=16 is taken for calculation. The calculated EFs
for the reactions169Tms16O,3nd182Ir, 169Tms16O,4nd181Ir,
169TmsO,p2nd182Os, and169Tms16O,p3nd181Os are shown in
Figs. 3(a)–3(d). As can be seen from these figures thatPACE2

calculations are in good agreement for the reactions

FIG. 4. The experimentally measured and theoretically calculated EFs using codesALICE-91, CASCADE, and PACE2. In (c) and (d)
calculated EFs are not shown as discussed in the text.
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169Tms16O,3nd182Ir and169Tms16O,4nd181Ir, however, for re-
actions 169TmsO,p2nd182Os and169Tms16O,p3nd181Os, the
discrepancy between experimental and calculated EFs may
be due to their precursors contributions, as stated earlier. For
reactions 169TmsO,2p2nd181Re and 169Tms16O,a3nd178Re,
the predictions ofPACE2 are almost similar to that of code
CASCADE as shown by solid curves in Figs. 4(a) and 4(b). In
the case of reactions 169Tms16O,2apnd175Hf and
169Tms16O,3and172Lu, the theoretical predictions are negli-
gibly small, and hence are not shown in Figs. 4(c) and 4(d),
while the measured cross sections are comparatively larger.
This enhancement of the measured cross sections than their
theoretical predictions may be associated with the ICF pro-
cess.

IV. RECOIL RANGE DISTRIBUTIONS

The recoil range distributions(RRDs) for various radio-
active residues produced in the interaction of the 86.6 MeV
16O beam with the169Tm target nucleus have been measured.
The target was mounted in the irradiation chamber with
Al-backing facing the beam so that the catcher stack imme-
diately followed the Thulium layer. The beam energy inci-
dent on front Al surface was 92 MeV. After an energy loss of
<5 MeV in the Al thickness the incident beam energy was
reduced to 86.6 MeV on the Tm material. A stack of 19 thin
Al-catchers of thickness varying from<16–45mg/cm2 was
used to trap the recoiling nuclide. The thicknesses of the
Al-catcher foils used are given in Table III. The duration of
irradiation was about 18 h with a beam fluence of
<3500mC. The activities induced in each catcher were fol-

lowed off-line for about two weeks using a pre calibrated
high resolution(2 keV for 1.33 MeVg ray of 60Co) HPGe
detector of 100 c.c. active volume coupled to CAMAC
based software FREEDOM[14] at NSC, New Delhi.

The cross-sectionsssd for a particular reaction product
were computed using Eq.(1) as given in Sec. II. In order to
obtain the yield distribution as a function of cumulative
depth in the catcher stack, the cross section in each catcher
was divided by its measured thickness. The resulting yields
have been plotted in Figs. 5(a)–5(h) against cumulative
catcher thickness to obtain the differential recoil range dis-
tributions. Solid curves guide the eye to the experimental
data. As can be seen from the Figs. 5(a)–5(c), the recoil
range distributions for182Ir and 181,182Os isotopes produced
via s16O,3nd, s16O,p3nd, and s16O,p2nd channels, respec-
tively, have a peak at only one value of cumulative catcher
thickness<350 mg/cm2. Here, RRD of Ir and Os isotopes
are nearly Gaussian having peaks at a depth nearly corre-
sponding to the expected recoil range of the compound sys-
tem 185Ir in aluminum, calculated using the classical ap-
proach and the stopping power tables of Northcliffe and
Schilling [23]. It means that these products(Ir and Os) are
formed by a complete fusion process only, followed by the
evaporation of n and/or p. However, for reaction
169Tms16O,2p2nd181Re [Fig. 5(d)], the RRD has two peaks:
one at a relatively lower values<250 mg/cm2d of cumula-
tive catcher thickness and the other at<350 mg/cm2, the
same as in the case of complete fusion, respectively. In Fig.
5(d) the maxima at a larger value of cumulative thickness
s<350 mg/cm2d corresponds to the fraction of the residues
produced through complete fusion, while the peak at rela-
tively smaller range of cumulative catcher thickness
s<250 mg/cm2d may be attributed to the fact that the residue
181Re is produced via incomplete fusion of12C, where the
linear momentum transferred is expected to be less than that
for the CF channel. In Fig. 5(e), it may be pointed out that
the expected data points for the peak position of RRD at
<350 mg/cm2 for the residue 178Re produced via the
s16O,a3nd reaction through CF could not be obtained due to
the short half-lifes13.3 md of the residue. However, from the
trend of RRD it may be observed that there may be two
peaks: one corresponding to the ICF and the other due to the
CF channel.

As expected, the observed recoil range distribution[Fig.
5(f)] for the 175Hf isotope produced via169Tms16O,2apnd
reaction have three peaks at cumulative thicknesses
<370 mg/cm2, <260 mg/cm2, and <150 mg/cm2 corre-
sponding to the residue175Hf produced via three different
channels, i.e.,(a) the complete fusion of16O with 169Tm,
forming the composite nucleus185Ir, followed by the emis-
sion of a proton, a neutron and twoa-particles;(b) the in-
complete fusion of16O, if it is assumed that16O breaks up
into 12C and; ana-particle and fragment12C fuses with
169Tm, forming the composite nucleus181Re, followed by the
emission of a proton, a neutron anda-particles;(c) the in-
complete fusion of16O, assuming that16O breaks up into two
8Be fragments and one of these fragments fuses with169Tm,
forming the composite nucleus177Ta, followed by the emis-
sion of a proton, and a neutron. For the reactions

TABLE III. List of catcher-thicknesses used in RRD
measurements.

S. No. Thickness inmg/cm2

1 16.8

2 19.6

3 27.4

4 27.8

5 28.6

6 29.5

7 30.2

8 30.6

9 31.3

10 31.9

12 32.1

13 33.2

14 33.9

15 37.1

16 39.9

17 44.2

18 46.1

19 47.0
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169Tms16O,3and172Lu and 169Tms16O,3a2nd171Lu, the mea-
sured RRDs[Figs. 5(g) and 5(h)] show two peaks at rela-
tively lower values of cumulative catcher thicknesses at
<75 mg/cm2 and <150 mg/cm2, respectively. This indi-

cates that these products are not populated by the complete
fusion process but by some other process in which the linear
momentum transferred is less than that for complete fusion
process. This is possible when only a part of the projectile

FIG. 5. The experimentally measured recoil range distributions for various radioactive residues produced in the interaction of an16O
beam with a169Tm target at<87 MeV.
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fuses with the target(incomplete fusion) and the rest of it
moves with a velocity nearly equal to the velocity of the
projectile. As such, in these reactions the contribution of
complete fusion is expected to be negligible. This may also
be confirmed from the fact that the theoretical calculations of
EFs for these channels using all of the three codesALICE-91,
CASCADE, and PACE2 give negligible cross-sections, as has
already been mentioned in the text.

In order to separate out the relative contributions of com-
plete and incomplete fusion in the169Tms16O,2p2nd181Re
reaction, the experimentally measured RRD has been fitted
with Gaussian peaks using the software ORIGIN as shown in
Fig. 6(a), and the areas under the two peaks have been com-
puted. The peak represented by dark solid curve gives the
ICF contribution while the dotted curve represents the CF
contribution. The relative contributions of the CF and ICF
processes are obtained by dividing the area of the corre-
sponding peak by the total area. The incomplete fusion(ICF)
contribution in this case is found to be 65% and the CF
contribution is about 35%, with an uncertainty of<5%. For

the reaction169Tms16O,2apnd175Hf, the experimentally mea-
sured RRD has been fitted with three Gaussian peaks at cu-
mulative thicknesses<150 mg/cm2, <260 mg/cm2, and
<370 mg/cm2 as shown in Fig. 6(b). The relative contribu-
tions of CF, ICF for the fusion of fragment12C and the ICF
contribution corresponding to the fusion of8Be are found to
be<25%,<46%, and<29%, respectively, for this channel.
Similarly, the relative contributions of ICF, as indicated in
Figs. 6(c) and 6(d), of a-particle and8Be have been found to
be<20% and<80% for the residue172Lu while <74% and
<26% for the residue171Lu, respectively.

V. CONCLUSIONS

Excitation functions for eight reactions in the16O
+169Tm system have been measured. Theoretical calculations
based on three different computer codes with a suitable
choice of the various parameters agree well with the experi-
mental data, in general. The pre-cursor-decay has been found

FIG. 6. (Color online) The recoil range distributions fitted with Gaussian peaks for determining the relative contributions of complete and
incomplete fusion.
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to have significant contribution forp2n and p3n channels.
The pre-cursor decay contribution has been obtained for the
reaction169Tms16O,p2nd182Os. The enhancement of experi-
mentally measured cross sections for alpha emission chan-
nels over their theoretical predictions have been attributed to
the fact that these residues are not only formed by the com-
plete fusion but also through incomplete fusion. The RRDs
for eight residues produced in the16O+169Tm system have
also been measured. The analysis of RRD has clearly indi-
cated the significant contribution of ICF. An attempt has been
made to obtain the relative contribution of CF and ICF chan-
nels from the analysis of the measured RRD distributions.
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