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Abstract. Incomplete fusion reactions were investigated by measuring the excitation functions of nine
evaporation residues in '°0 + ®'V reaction in the beam energy 4-6 MeV/amu, using the well-known
recoil catcher technique and gamma-ray spectrometry. The experimental data were compared with that
obtained from Monte Carlo simulation calculations using the PACE2 code. The results indicate the presence
of incomplete fusion process in the production of two alpha emission products. This was further confirmed
by the measurement of recoil range distribution of these isotopes at 96 MeV beam energy. Calculations
of the average angular momentum associated with these products revealed the peripheral nature of these

ICF reactions.

PACS. 25.70.Jj Fusion and fusion-fission reactions — 25.70.Gh Compound nucleus

1 Introduction

The mechanism of the incomplete fusion (ICF) reactions
is still not clearly understood, particularly with regards to
the angular momentum involved in the process. The stud-
ies by Trautmann et al. [1] showed that ICF is associated
with peripheral collisions, while some studies like that by
Tricoire et al. [2] suggest the involvement of lower angular
momenta than the critical angular momentum for com-
plete fusion (CF) in these reactions. Incomplete fusion can
be thought of as a process in which the projectile breaks up
near the surface of the target nucleus into two fragments,
one of which escapes with relatively unchanged velocity,
while the other fuses with the target to form an excited
intermediate, which subsequently de-excites, in the usual
way, by particle evaporation. However, systematic quan-
titative measurement of cross-sections are rare.

Bimbot et al. [3] carried out the pioneering work on the
excitation functions, angular distributions, and differen-
tial recoil range to study the transfer of alpha-particle and
8Be, to the target, in 2C 4 197 Au reactions and were able
to estimate the total cross-section for each of the transfer
process as a function of energy. In recent years this method
has been used in studies of complete and incomplete fu-
sion at energies up to 10 MeV/amu. These include 2C
on 'V [4], 2°Ne and ??Ne on *Nb [5,6], 1?C on ¥Y and
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103Rh [7,8] and 190 on 3Nb and 1%Ho [9,10]. These data
have been analyzed in terms of competing transfer reac-
tions. The above studies have shown that for '2C there are
three dominant processes: complete fusion, ®Be transfer,
and « transfer and that effectively all of the cross-section
would be accounted for by these three processes up to
an energy of 100 MeV. Similarly, in 60 + 3°Y, the ICF
reactions involving the breakup of 160 into '2C + a are
known.

In this paper, we present our results on experimental
measurement of excitation functions of 0 4 51V evap-
oration residues together with the measurement of recoil
range distribution (RRD). It is not known whether ICF
reactions involving the breakup of 160 into ®Be + ®Be also
occur at a beam energy range of the present study. The
present work is undertaken in order to explain the above
points and also to provide new experimental data for the
excitation functions in 10 + 'V, and to estimate the ICF
cross-sections at these low bombarding energies.

2 Experimental details

2.1 Measurement of excitation functions

Experiments for the measurement of excitation functions
were carried out at BARC-TIFR pelletron accelerator at
Mumbai, India. The target samples were irradiated with
the collimated 60 beam of diameter 1-2 mm by following
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Table 1. Decay characteristics of the residual nuclei in
160 4 ®1V reactions.

ERs  Spin Halflife E, (keV) I, (%)
55Ga  3/2” 15.2 m 115 55
87n  3/2° 38.7 m 670 8.4
527n 0t 9186 h 597 28
61Cu  3/2° 3.3h 656 10
50Cu 2t 23.7m 826 88
51Co  7/27 1.65 h 908.6 3
%8Co 2+ 70.2 d 811 99.4
TCo  7/27 271794 122 85.5
%6Co 4t 77.2d 1238 66

the stacked foil activation technique. Stacks consisting of
two self-supporting targets of vanadium, each of thickness
2.1 mg/cm? and purity ~99.99%, separated by aluminum
foils (~2 mg/cm?) were bombarded with an 1O beam.
Several irradiations were carried out for each such stack
of target and degraders to encompass the 'O beam en-
ergy between 58 and 94 MeV. There was thus consider-
able overlap between various irradiations. The beam en-
ergy degradation in each target foil was calculated using
the stopping power tables of Northcliffe and Schilling [11].

After the irradiation, the target and the catcher foil
were counted in the live time mode in the desired geome-
try for the gamma activities. The counting geometry was
chosen in such a way so that the count rate is apprecia-
ble and at the same time the dead time of the detector is
< 10%. A 60 cc HPGe detector coupled to a 4 K MCA
having a resolution of 2 KeV at 1332 KeV was used for
this purpose. A background spectrum was taken in or-
der to check the presence of any background gamma peak
due to contamination of the detector surroundings. The
recording time period were chosen in such a way so as to
get the good counting statistics. The duration of counting
was initially kept in the order of seconds and subsequently
increased to longer periods for counting long-lived prod-
ucts. Table 1 indicates the reaction products identified,
their characteristic gamma lines with their abundances.
The computer code SAMPO was used to find the areas of
the peaks in the gamma-ray spectra. From the measured
count rate CR(t) at any time ¢, the cross-sections (o) were
calculated using the standard relation [7]. The yields of the
radionuclides identified in each foil were determined using
the published half-lives, gamma-ray energies and branch-
ing ratios [12].

2.2 Errors in measurement

The errors on the cross-section arise mostly from the
counting statistics (1-4%), target thickness (5-8%), detec-
tion efficiency (4%), beam fluence (< 5%) and gamma-ray
intensity values (5-10%). The errors on the cross-sections
are approximately 10-15%.
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2.3 Measurement of recoil range distributions

In the measurement of recoil range distributions, thin
targets of metallic vanadium, of thickness around
200 ;1g/cm?, was mounted with the aluminum backing fac-
ing the beam followed by several aluminum catcher foils of
thickness around 100 pug/cm?. The target and catcher as-
sembly was bombarded with 160 at 96 MeV for about 18
hours. The beam current was measured with an electron-
suppressed Faraday cup placed behind the target-catcher
assembly. Total charge collected during irradiation was
2737 uC. Other details of the experiment are given else-
where [7,13].

After the irradiation each aluminum catcher foil
was counted for the gamma-ray activity of evaporation
residues (ERs) in a similar way as described in sub-
sect. 2.1. The short-lived ERs could not be tagged in the
RRD measurement owing to the time taken in disman-
tling the stack of catcher foils and mounting each of them
for counting and also large-time gap between two succes-
sive countings of the same foil. The counting was contin-
ued for a period of 15 days. The gamma-ray spectra were
analyzed by the peak-fitting program SAMPO to obtain
the peak area (PA). The measured activities were cor-
rected for their decay to obtain the activities at the end
of irradiation (A(T;)). For RRD measurement the cross-
section measured in each foil was divided by the respective
foil thickness (in mg/cm?) to obtain the normalized cross-
section (mb/mg/cm?) which was plotted against the cu-
mulative catcher thickness to obtain the RRD. The cross-
section (o) for a particular reaction product in different
catcher foils and the uncertainty in the cross-section mea-
surements were determined in a similar way as described
in the previous section.

3 Experimental results
3.1 Excitation functions of 10 + 51V reactions

Figures 1-4 show the excitation functions of nine evapora-
tion residues measured in the present work in 60 + °'V
reactions. The reaction product %°Ga has only the ground
state having half-life of 15.2 minutes and spin 3/27. The
decay of this state is through electron capture (EC) mode
(100%). Similarly the reaction products %2763Zn also have
ground states of half-lives 38.47 minutes and 9.186 hours,
with spins 3/27 and 0T, respectively. The decay of these
states is through electron capture mode (100%). The re-
action products 60" Cu, which have ground-states of half-
lives 23.7 minutes and 3.34 hours, respectively, with spins
2% and 3/27, respectively, decay through electron capture.
In the present work we have measured the product **Co
which has two states i.e. one metastable state with half-life
9.15 hours and spin 5T, while the ground state is having
half-life 70.82 days with spin 2%. The metastable state
of 58Co decays through isomeric transition (IT) (100%).
The ground state decays through electron capture mode
(100%). In the present work we have measured the total
cross-section of °®Co by allowing for the complete decay of
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Fig. 1. Excitation functions of %°Ga, 5%%27Zn evaporation
residues in 'O 4 ®'V reaction. The solid lines are guides to
the experimental data points. The dotted curves are the re-
sults of statistical model calculations using the PACE2 Monte

Carlo code.
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Fig. 2. Excitation functions of °'°Cu evaporation residues in

160 4+ 51V reaction. Notations as in fig. 1.
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Fig. 3. Excitation functions of ®1'**Co evaporation residues in

160 4 °'V reaction. Notations as in fig. 1.
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Fig. 4. Excitation functions of °"Co evaporation residues in

160 + 51V reaction. Notations as in fig. 1.
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the isomeric state to the ground state. The presently mea-
sured reaction products °"*6Co have only ground states
with corresponding half-lives 271.79 days and 77.27 days,
respectively, and spins 7/27 and 4T, respectively.

3.2 Comparison with theoretical calculations

Figures 1-4 show the excitation functions of gallium,
zinc, copper and cobalt isotopes, respectively formed in
160 + 51V reaction up to 96 MeV. The theoretical esti-
mate of the cross-sections for evaporation residues formed
in the complete fusion were obtained using the Monte
Carlo simulation code PACE2 [14] modified to take into
account the excitation energy dependence of level density
parameter (a) using the prescription of Kataria et al. [15].
The optical model parameters for emitted light particles
(n, p, a) were taken from Perey and Perey [16]. The av-
erage gamma transition strengths compiled by Endt [17]
were used for the present work. The fusion cross-sections
were calculated following the prescription of Bass [18]. The
level density parameter a was taken as A/8 MeV~!. The
spin cut-off parameter representing the effective moment
of inertia was reduced to 0.7 times the rigid body value
which resulted in an agreement between the experimen-
tal and the calculated data. This is justified as we expect
more stretched and deformed compound nucleus configu-
rations and consequently also deformed parent nuclei as
the higher angular momenta are involved in these reac-
tions. The other input parameters in the program were
used as default values. Owing to a finite sample size in
Monte Carlo simulation, the error in the calculated cross-
section is about 30%, 10% and 3% for ¢ = 1 mb, 10 mb
and 100 mb, respectively. The calculated values are shown
as dotted curves in the figures.

It can be observed in fig. 1 that the experimental exci-
tation functions are in satisfactory agreement with the
calculated ones, expect for the %2Zn isotope where the
calculated value is as high as a factor of 2 compared to
the experimental value. Within this limitation the results
indicate that the evaporation residues %°Ga, 63-62Zn are
formed in the complete fusion of %0 with 'V by de-
excitation of compound nucleus (°”Ga) via zn and pzn
channels, respectively. Figure 2 shows the excitation func-
tions for the evaporation residues :°°Cu. While at low
energy there is agreement between experimental and cal-
culated results, at higher energy the experimental data are
much higher than the calculated ones indicating the con-
tributions of ICF in copper isotopes. This can be explained
in terms of the breakup of 0 into 2C + a followed
by fusion of 12C with 'V giving %3Cu which may subse-
quently de-excite by neutron evaporation to give 61:69Cu.
At highest energy the experimental cross-section of 1Cu
is in agreement with calculations. This may be owing to
the onset of 2p4n emission channel from compound nu-
cleus and increasing cross-section of 3n and 4n emission
from incompletely fused composite nucleus %3Cu.

In case of cobalt products (figs. 3 and 4), the ex-
perimental data are much higher than the calculated
data indicating the contribution from incomplete fusion
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Fig. 5. Excitation functions extracted for the CF and ICF
processes along with the total cross-section for the 0 + 31V,
The solid lines are guides to the experimental data points.

reactions. These ICF reactions can be of the 51V (160,
8Be)®9Co* type. The excited 59Co* nucleus may subse-
quently de-excite by neutron emission to give 856Co. In
the case of the evaporation residues 5'Co, there may be
a breakup of 190 into '?C and *He and subsequent in-
complete fusion of '2C in the reaction *'V (160, a) %3Cu;
the evaporation of two protons leads to the formation of
the residues. Figure 5 gives the estimated contributions
of the incomplete and complete fusion cross-sections, to-
gether with the total reaction cross-section. It was found
that the ICF contributions with respect to the CF cross-
sections increase from 3% at 60 MeV to about 20% above
90 MeV. Thus, there is a veritable signature of ICF in the
enhanced cross-section for the formation of cobalt prod-
ucts. These observations have been further confirmed by
measurement of recoil range distribution (RRD) of the
evaporation residues in the following section.

3.3 Theoretical calculations of the recoil range
distributions: PACE2 analysis

The recoil range distributions for evaporation residues
formed in the 190 + 51V reaction, studied in the present
work, were simulated by using the Monte Carlo simula-
tion technique described in PACE2 code. The code calcu-
lates the double differential cross-sections (d?c/dEd{2.p,)
for ERs which was transformed into the projected range
distribution along the beam axis using the range energy
table of Northcliffe and Schilling [11]. The RRDs obtained
by the PACE2 code were normalized to the experimental
RRDs by adjusting the height and keeping the peak po-
sition and width constant. Since the experimental RRDs
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Fig. 6. RRDs of evaporation residues in '®0 + %'V reaction
at 96 MeV. Dashed lines are the PACE2 predictions for CF
formation of ERs. Dotted lines are the simulated RRDs for
ICF based on the breakup fusion model.

represent the projected recoil ranges along the beam axis,
the calculated RRDs were also projected along the 8 = 0°
direction.

Figure 6 shows the recoil range distributions of the
evaporation residues in the °0 4 'V reaction studied in
the present work. The RRD of 6! Cu and 5°Cu could not be
measured owing to short half-lives of these isotopes. The
simulated RRDs for the evaporation residues obtained by
PACE2 calculations are shown by dashed curves for com-
plete fusion. The dash-dotted curves are the ICF com-
ponents obtained by subtracting CF contributions from
the experimental curves. The dotted curves are the simu-
lated ICF components, obtained by breakup fusion model
calculations. These figures are discussed in details in the
subsequent sections. The spread in RRD data obtained
from PACE2 arises due to the process of particle evapo-
ration from the CN and is not expected to reproduce the
experimental RRD unless correction due to finite target
thickness, non-uniformity of the catcher foil and straggling
during stopping are taken into account [19].

3.4 Theoretical interpretation of the recoil range
distribution measurements

The recoil range distributions provide information about
the extent of linear momentum transfer from projectile
in the formation of a particular reaction product. Fig-
ure 6 shows the RRDs for five evaporation residues for
160 451V system at 96 MeV. The RRDs for 63:62Zn iso-
topes show Gaussian curves with mean range correspond-
ing to full momentum transfer. This shows that the zinc
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Table 2. CF and ICF contributions in RRD of 0 + Vv
reaction (in mb).

Nuclei CF ICF
627n 14.74 +1.37 -
617n 48.01 + 4.065 -
%8Co - 32.75 + 2.86
5Co - 27.24 + 2.56
56Co - 1.94 +0.11

products are mainly produced following the complete fu-
sion of 160 with 5'V. Similar inferences were made while
explaining the experimental excitation functions of the
above products %3%2Zn in terms of theoretical calcula-
tions by PACE2 code. The higher-range component in
the RRD of °%8Co represents the formation of these
evaporation residues by evaporation of two alpha-particles
from the compound nucleus, which gives a broad RRD.
The theoretical calculation using PACE2 does indicate
the formation of the evaporation residues in CF process.
For %8560 isotopes the experimental RRDs also show a
lower-range component than that expected for CF, indi-
cating that they are formed in ICF reactions. The pos-
sible ICF reactions that can give rise to these products
are "1V (160,8Be)Co*. The excited intermediate nuclei
59Co* may subsequently de-excite by neutron emission to
form %3756 Co.

This is indicated by the simulated RRD for ICF based
on the breakup fusion model as shown in the figure by the
dotted curve. The above figures show only the ICF prod-
ucts, with no second peak at the site corresponding to
the range of the evaporation residues obtained from com-
plete fusion process. This indicates that the above prod-
ucts are formed predominantly by the breakup of 60 into
8Be + ®Be and subsequent fusion of one ®Be into °' V. Sim-
ilar results of 8Be fusion with the target were obtained by
Bindu Kumar et al. [7,8]. Table 2 indicates the contribu-
tion of CF and ICF in the yields of zinc and cobalt isotopes
for the 100 + 51V system.

4 Breakup fusion model analysis of ICF for
the system Q0 + 51V

In fig. 6 the low-range component clearly reflects incom-
plete momentum transfer in the ICF process leading to
the formation of various incompletely fused composites.
The RRD for these ICF products was deduced using the
breakup fusion model [20]. The Monte Carlo simulation
of RRD was carried out using PACE2 code by supplying
the E* and (£) of the incompletely fused composite (IFC)
nuclei ®°Co formed in the binary reaction

160 4-°1v — %9Co* + ®Be.

The E* of the intermediate nucleus ®?Co* was evaluated
using the expression,

(1/2) Eran (51/59) + Qe
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Table 3. Excitation energy (E*) and average angular momentum (¢) of the ICF (°°Co) produced in the **O + 5'Vo at 96 MeV.

E* (MeV) (Oh o (°"Co) (mb) o (°*Co) (mb) Ratio
39 24 80.16 47.12 1.7
39 25 85.95 42.13 2.04
39 26 91.23 37.86 2.40
39 27 95.74 32.12 2.98
39 28 100.24 28.16 3.55
38 29 160.23 20.27 7.94
38 28 155.54 25.29 6.15
38.5 26 185.32 26.34 6.84
38.5 25 173.80 24.72 7.03 —
37 28 165.62 21.23 7.80
37 27 160.84 26.23 6.13

Experimental 104.24 14.54 7.14

and was found to be equal to 40.65 MeV at Epp =
96 MeV. The IFC was assumed to have a single spin value
equal to 1/2 times the £;,.x of the entrance channel, which
was found to be 24h. The £, value for the entrance chan-
nel was calculated using the prescription of Wilczynski et
al. [21] and was found to be 48%. The other input parame-
ters were chosen in the same way as in the case of PACE2
calculations for the CF process. The de-excitation of these
incompletely fused composites was followed and the RRDs
for the cobalt isotopes were generated. The relative cross-
sections of **%%Co were used to deduce the E* and (/)
of the ICF and thereby evaluating the angular momen-
tum involved in the ICF. This method of obtaining the
angular-momentum distribution of a compound nucleus
from the relative yields of evaporation residues is well es-
tablished [22]. The E* and (¢) of the IFC of %°Co were
varied in the range of 37-38.5 MeV and 24-29A, respec-
tively and the yields of the °"Co and °6Co were compared
with experimentally deduced ICF cross-sections for these
products. Table 3 gives the values of E* and (¢) of cobalt
isotopes. The best fit with experimental values was found
for E* = 38.5 MeV and (¢) = 25A (indicated by an arrow
in the table). These values agree with the prediction of
the breakup fusion model as calculated above. The corre-
sponding angular momentum of entrance channel would
be 25 x 2 = 50A, which agrees with the £;,.x value (48h)
calculated using the prescription of Wilczynski et al. [21].
This shows that the ICF process is associated with periph-
eral collisions. This observation is in agreement with the
predictions of the sum rule model [21] that the ICF oc-
curs only in peripheral collisions involving fjcg > lcp for
CF. The CF cross-sections were obtained from the excita-
tion function data measured experimentally in the present
work.

Thus the present study has shown that ICF contributes
significantly to total reaction cross-section even at as
low energy as 6 MeV/amu in case of low-Z heavy-ion—
induced reactions. The study reveals that the ICF follows
a breakup fusion mechanism in which the projectile breaks
into the fragments (®Be + ®Be). Subsequently, either of
the two fragments can fuse with the target nucleus bring-
ing in the angular momentum in the ratio of mass to that

of the projectile. The calculation of the (¢) of the IFC from
the relative yields of the 5756Co isotopes corroborates the
peripheral nature of the collision leading to ICF.

5 Conclusions

Excitation functions of nine evaporation residues were
measured in'®0 + °'V reaction in the beam energy range
4-6 MeV /amu. The recoil range distributions of ®%:61Cu
could not be measured due to their short half-lives. A
comparison with the Monte Carlo simulation code PACE2
shows the enhancement in cross-section for copper and
cobalt products thereby indicating the presence of incom-
plete fusion reactions. In the incomplete fusion reaction,
the projectile 10 breaks up into 2C + a and ®Be + ®Be
followed by fusion of either of the fragment with the tar-
get to form 53Cu and 5?Co incompletely fused composite
nuclei, respectively. This excited nuclei subsequently de-
excite by neutron emission to produce 6%:59Cu and 5%-%%Co
evaporation residues, respectively. The ICF cross-section
was found to increase with energy with respect to the com-
plete fusion cross-section. These observations were further
supported by the measurements of recoil range distribu-
tions. The RRDs measured for the cobalt isotopes contain
components that cannot be explained in terms of forma-
tion via the compound nucleus in the 10 + 51V reaction
but are consistent with the incompletely fused composite
59Co*. The simulation of the RRDs further confirm the
occurrence of ICF in the formation of these evaporation
residues. The average angular momentum of the incom-
pletely fused products indicates the peripheral nature of
the ICF reactions which is in agreement with the predic-
tions of the existing models of incomplete fusion.
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