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Background: Incomplete fusion has been found to be an important contributor in light heavy-ion (A < 20)
induced reactions even at slightly above barrier energies.

Purpose: For better insight into the dynamics of incomplete fusion, the onset and influence of incomplete fusion
need to be investigated in terms of projectile energy (Ey,p) and entrance channel mass-asymmetry (i 4). A rich set
of experimental data on incomplete fusion may be useful to correlate the probability of incomplete fusion with the
various entrance channel parameters and eventually to develop a theoretical model code for the same. Presently,
there is no theoretical model available which can explain low-energy incomplete fusion data consistently.
Methods: The excitation functions of complete and incomplete fusion residues populated in the *C+'Tm
system have been measured using the recoil-catcher activation technique followed by offline y spectroscopy.
The evaporation residues have been identified on the basis of characteristic y lines and confirmed through the
decay-curve analysis.

Results: The excitation functions of xn and pxn channels are found to be in good agreement with the statistical
model code PACE4; this suggests the population of these channels via complete fusion. Some residues are found to
have a contribution from their higher charge isobar precursor decay. The precursor contribution has been deduced
from the cumulative cross section using the standard successive radioactive decay formulations. The excitation
functions of -emitting channels are observed to be significantly enhanced as compared to the statistical model
code PACE4. This enhancement may be attributed to the contribution from incomplete fusion. The incomplete
fusion strength function for 3C+!%Tm is compared with that obtained in the >’C+!%Tm system. It has been
found that the one-neutron (1) excess projectile '*C (as compared to '2C) results in a less incomplete fusion
contribution due to its relatively large negative alpha-Q value. Recently proposed “alpha-Q-value systematics”

seems to explain incomplete fusion data.

DOI: 10.1103/PhysRevC.89.024608

I. INTRODUCTION

The emission of fast projectile-like-fragments (PLF) in light
heavy-ion (HI) interactions was first investigated by Britt and
Quinton [1]. Similar observations were reported by Kauffman
and Wolfgang [2], where fast PLF associated with massive
transfer reactions were detected in the forward cone. The fast
PLF production in massive transfer reactions was considered
as a result of incomplete fusion (ICF) processes. In case of
ICF, partial fusion of the projectile with the target nucleus
takes place, leading to the formation of a “hot” metastable
incompletely fused composite system with less mass, charge,
and excitation energy as compared to the complete fusion
(CF) population, where the entire projectile merges with the
target nucleus [3,4]. Udagawa and Tamura [5,6] explained
the production of PLF in massive transfer reactions (ICF) on
the basis of the distorted-wave Born approximation (DWBA),
in which the projectile is assumed to break up into constituent
a clusters, e.g., '2C may break up into ®Be+a. One of the
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fragments may get fused with the target nucleus while the
remnant behaves like a spectator dominantly emitted in the
forward cone.

Widespread experimental and theoretical efforts have been
devoted to understand the ICF dynamics [7-15], and sev-
eral dynamical models have been proposed [5,6,16-24]. A
description for the production of fast PLF was presented
in Refs. [25,26]. The advances in the understanding of
ICF dynamics took place after the particle-y coincidence
measurements by Inamura et al. [27] and Zolnowski et al.
[28]. Apart from that, the correlation of energies and angles
of charged particle(s) along with the y multiplicity were
measured by Geoffroy et al. [29], where the origin of PLF
was investigated from undamped noncentral interactions. The
noncentral nature of ICF was also emphasized by Trautmann
et al. [30] and Inamura et al. [27,31]. In a review on ICF,
Gerschel [32] inferred that the localization of the £ window
also depends on the target deformation. For rare-earth targets,
the emission of PLF was found to originate from high ¢
values [17,27,29,33], but the results obtained by Tricoire
et al. [34] with semimagic targets suggested that the origin
of direct PLF from the ¢ values is even smaller than 0.5€;
(where, “£.” is the critical angular momentum) [35,36].
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Almost similar conclusions were drawn by Tserruya et al.
[37] and Oeschler et al. [38], where both CF and ICF were
observed below and above the value of £;;. Parker et al. [39],
observed forward o particles in low-Z, HI interactions on a
31V target at &~ 6 MeV/A. The ICF systematics have also been
explored for reactions with weakly bound projectiles, in studies
investigating mechanisms of fusion suppression [40—43].

Some of the most widely employed models to explain ICF
data are the (i) breakup fusion model [5,6,16], (ii) sum-rule
model [17], (iii) exciton model [18], (iv) hot-spot [19],
(v) promptly emitted particles model [20], and (vi) overlap
model [21-24]. The aforementioned models have been used
to fit the experimental data obtained at energies well above the
Coulomb barrier (i.e., Ej, > 10.5 MeV/nucleon) but have
shown certain failings in their ability to explain ICF data at
relatively low bombarding energies (i.e., & 3—7 MeV /nucleon)
[44-51]. More recently, Diaz-Torres et al. [52] proposed a
three-dimensional classical model for low-energy breakup
fusion reactions. This model allows a consistent calculation
of breakup, incomplete, and complete fusion cross-sections
but is limited only for the weakly bound projectiles. Due to
the unavailability of any reliable theoretical model to explain
low-energy ICF data, the study of ICF is still an active area of
investigations. Further, the observation of ICF at slightly above
barrier energies where CF is supposed to be the sole contributor
has triggered the study of low-energy ICF [3,44,45,53,54].

For the better understanding of ICF dynamics, the effect of
various entrance channel parameters—namely, (a) projectile
energy, (b) mass-asymmetry of interacting partners (i4),
(c) a-Q value, and (d) input ¢ values—on the onset and
strength of ICF need to be systematically investigated. In order
to study low-energy ICF, several inclusive experiments have
been performed at the Inter-University Accelerator Center
(IUAC), New Delhi [44-48]. This work is an extension of
our earlier measurements to study the effect of a one-neutron
(1n) excess projectile on the onset and strength of ICF. In
the present work, the excitation functions (EFs) of individual
evaporation residues populated in '3C and '*Tm interactions
have been measured at energies ~ 4.4—-6.5 MeV /nucleon. The
experimental EFs have been analyzed in the framework of
statistical model code PACE4 [55] to estimate the percent-
age fraction of ICF. The fraction of ICF obtained in the
BC+!Tm system has been compared with that obtained
in the '2C,'°0+4'Tm systems to display the behavior of
ICF from non-« to «-cluster-structure projectiles. This paper
is organized as follows. The experimental methodology and
data reduction procedure are given is Sec. II, while Sec. III
deals with the findings of the present work and discussion
in connection with the existing results. The present work is
summarized in Sec. IV of this paper.

II. EXPERIMENTAL PROCEDURE

The experiment was performed using '3C®* beam from
the 15UD Pelletron accelerator at the IUAC, New Delhi.
Self supporting ' Tm targets of thickness ~1.5-2.5 mg/cm?,
and Al-catcher foils of thickness ~1.0-3.0 mg/cm’ were
prepared using a uniform pressure rolling technique. The
thicknesses of each target and catcher foils were measured
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by the a-transmission method. The «-transmission method is
based on the measurement of the energy lost by 5.487 MeV
a particles emitted from a standard ?*! Am source during the
passage through the target and catcher foil.

Each target foil was backed by an Al-catcher foil of
appropriate thickness to absorb the most energetic recoiling
reaction products from the target foil. To cover a wide energy
range in an irradiation, a stack of three target-catcher foil
assemblies were irradiated in the general purpose scattering
chamber (GPSC) at different energies, i.e., Ej =~ 65, 68,
82, 84, and 86 MeV. After the irradiations, the stack of
target-catcher foil assemblies was taken out of the GPSC with
the help of an in-vacuum transfer facility (ITF). A current
integrator device installed at the beam dump was used to
measure the beam current. A beam current of ~2-3 p nA
was maintained throughout the experiment. The activities
produced after irradiations were recorded with a high-purity
germanium (HPGe) detector of 100 cm? active volume coupled
to a computer-automated measurement and control (CAMAC)
based data acquisition system [56]. Several rounds of counting
were initially performed for short durations (i.e., ~15-30
seconds) to detect short-lived reaction residues, and then for
long durations (i.e., ®20-60 minutes) to detect relatively
long-lived reaction residues. The HPGe detector was calibrated
for both energy and efficiency using a '>>Eu source of known
strength. The efficiency of the detector was determined for
source-detector separations at which the counting of irradiated
samples was done. The details of efficiency determination are
given elsewhere [57]. The offline data analysis was performed
using CANDLE software [56]. In the case of closely peaking
doublets, the peak fitting was done both manually and by
employing the auto-peak-search option. The width calibration
was done using various standard y sources, i.e., 60Co, 13°Ba,
137Cs, and 72Eu.

A part of the y-ray spectra obtained at Ejp = 82.70 &
1.3MeV for the *C* +1°Tm system is shown in Fig. 1, where
y lines of different evaporation residues (ERs) are marked. The
ERs have been identified by their characteristic y lines and
confirmed by their decay-curve analysis. As a representative
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FIG. 1. (Color online) Typical gamma ray spectrum of
BC+!Tm interaction at 82.70 £+ 1.3 MeV, where y lines are
assigned to different reaction products expected to be populated by
CF and/or ICF.
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TABLE I. Relevant nuclear data of the reaction residues identified in the present work.

Reactions Residue Half-life JT E, (keV) I, (%) Mode
19Tm(13C,3n) 17Re 19.7 min 3+ 430.25 28.0 M1
19Tm(13C,4n) 178Re 13.2 min 7/2F 106.06 23.1 E2
237.19 45.0 E2
19Tm(13C, 5n) 17TRe 14 min 1/2* 196.85 100* E2
209.80 33.0* E2
19Tm(13C, 6n) 176Re 5.2 min 5/2~ 108.9 100* E2
240.6 54° E2
19Tm('3C, p4n) 177w 132 min 1/2- 115.05 59.0 El
185.69 16.1 E1l
19Tm(3C,3n) 175Ta 10.5h 7/2t 207.70 13.3 E1l
348.67 114 E2+47% M1
19Tm(3C, dn) 174Ta 1.18 h 3+ 206.38 57.7 E2
19Tm(3C,5n) 173Ta 3.65h 5/2~ 172.19 17 E2
19Tm(13C,2a2n) 172Lu 6.7d 4- 900.70 28.8 M1
912.11 14.8 M1+ E2
1093.67 63.5 M1+ E2
19Tm('3C,2a3n) 7Ly 8.24d 7/2F 739.82 48.1 El

2These intensities are relative.

case, a decay curve for !"Re populated via the 4n channel
is shown in the inset of Fig. 1. The measured half-lives of
the ERs have been found to be in good agreement with the
literature values [58]. The production cross sections of ERs
have been calculated as described in Refs. [57,59,60]. The ERs
identified in the present work are listed in Table I along with
their spectroscopic properties [61]. The overall errors in the
present measurement are estimated to be <10%. A detailed
discussion on error analysis is presented in Refs. [57,62].
It may be pointed out that the possible effects from direct
population of the ground states of ERs and transfer cross
sections have not been considered due to their negligible
contribution in the studied energy range and in the involved
reaction channels. However, in Refs. [63,64], the ICF channels
have been considered as transfer channels.

III. ANALYSIS OF EXPERIMENTAL DATA

The EFs of xn, pxn, axn and 2axn channels expected
to be populated via CF and/or ICF of '3C with '®Tm have
been measured at energies Ej,, &~ 59-85 MeV. The production
possibilities of Re, W, Ta, and Lu isotopes via different
reaction modes and decay routes are discussed in the following
subsections. The higher charge isobar precursor contribution
in the population of '”"W(p4n) has been estimated from the
cumulative cross section. The experimental EFs are analyzed
within the framework of the statistical model code PACE4 [55].
In this code, the angular momentum conservation is explicitly
taken into account and the CF cross-section is calculated using
Bass’s formula [65]. The partial cross section (o) for the
formation of a compound nucleus (CN) at a particular angular
momentum ¢ and at specific bombarding energy E is given by

)\‘2
oy = —20+ DT, (1
4

where A is reduced wavelength. The transmission coefficient
T, may be given by the expression

0—¢ -
T, =[1 +exp<—Amax):| )

where A is the diffuseness parameter, while €.,x is the
maximum amount of ¢ determined by the total fusion cross
section

op = Zcrg 3
=0

The optical model potential of Becchetti and Greenlees
[66] was used to calculate the transmission coefficients for
neutron, proton, and «-particle emission. In the description of
y-ray competitions, the emissions of E1, E2, M1, and M2 y
rays are included and the y -ray strength functions for different
transitions are taken from the tables of Endt [67].

The nuclear level density (¢ = A/K) plays an important
role in the fusion-evaporation component, where A is the
atomic mass number and K is a parameter called the level
density parameter. In order to choose the suitable value of level
density to reproduce fusion EFs, different values of K = 8-12
have been tested and are plotted in Fig. 2(a). It may be pointed
out that the code PACE4 predicts only CF channels, and does not
take transfer and/or breakup ICF channels into account. Thus,
a comparison of experimental EFs with the statistical model
code PACE4 may indicate the extent to which the formation
of identified ERs may be explained by the equilibrated CN
decay. Any deviation in the experimental EFs with respect to
the PACE4 predictions may be attributed to ICF, which is not
included in this code [44-48].

A. EFs of xn and pxn channels

Figures 2(a) and 2(b) show the ratio of the individual cross
sections for xn channels (o,,) to the sum of all measured xn
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FIG. 2. (Color online) Ratio of individual channel cross section
to the total channel cross section Xo,, as a function of laboratory
energy for (a) measured 4n channel along with PACE4 predictions
(for K = 8 to 12); (b) measured EFs for all xn (x =3, 5, and 6)
channels along with PACE4 calculations as discussed in the text.

channels. The above representation of experimental data has
been chosen to observe the behavior of individual xn channels
with respect to total fusion cross section. In Fig. 2(a), the PACE4
predictions for different level density parameters are shown
for '78Re residue populated via 4n channel. It is evident that
the predictions of theoretical model code PACE4 with a value
K = 10 satisfactorily reproduce the EFs of !’ Re evaporation
residue. This suggests the population of '"®Re via emission of
four neutrons from the excited '3>Re* formed via CF of '3C
with ' Tm. As shown in Fig. 2(b), the same value of K fairly
predicts the EFs for 3n, 5n, and 6n channels, indicating the
involvement of the same mode of reaction.

Further, the experimental EFs for 7 W(p4n) are compared
with those predicted by the statistical model code PACE4 using
the same set of input parameters in Fig. 3(a). As can be seen
in this figure, PACE4 underpredicts the EFs for this residue. It
may be pointed out that the 8+ decay from '"’Re nuclei may
lead to '””W. Therefore, !””W may be populated independently
via de excitation of '32Re* compound nucleus by emitting a
proton and four neutrons. Different possible decay routes to
populate "W are

(1) 13C+ 169Tm = 182Re* = 177W + p + 41’!,
(i) BC+ 'Tm = '#Re* = ""Re + 5n,

ie.,Re B*/EC 'T'W.
——

As proposed by Cavinato et al. [68], the independent cross-
section (oing) of '””W has been estimated from the cumulative
cross section (oeym) as

! 1d/2
Oind = Ocum — P, pre 77 _prey Opres 4
(rf 2l /2)

where oy is the cross section of the parent nuclei, #{,, and #f);

are the half-lives of daughter and precursor nuclei. The P, is
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FIG. 3. (Color online) Experimentally measured EF of the "W
(p4n) channel compared with PACE4 predictions: (a) cumulative cross
section; (b) independent cross section. (¢) Experimentally measured
and theoretically predicted EFs of all xn and pxn channels compared.
The solid lines are the PACE4 predictions at K = 10. In (d) V}, is the
Coulomb barrier in laboratory frame.

the branching ratio of the precursor to its daughter nuclei. The
above formulation t0 calculate independent yield is obtained
for tf ) > 17)3; i.e., rf , ~ 132 min for "W >1{5 ~ 14 min

for '77Re. The o, of '77W can be calculated as

oina("""W) =, 1.1180pe('"Re). (5

cum(

|77W) _

The 0iq of '77W is compared with PACE4 predictions
in Fig. 3(b). As shown in this figure, the EF of '7"W
shows good agreement with PACE4 predictions, which suggests
the population of this nuclei via CF. The precursor decay
contributions are also plotted separately in Fig.3(c) to show
that due to the short half-life of the precursor it decays rapidly
via B7/EC giving a substantial contribution to the cumulative
cross section of '””W. In Fig. 3(d), the sum of all CF channels
(Eag;p) is compared with PACE4 predictions (i.e., Zagl‘:).
The values of Zogy at different energies are found to be
in good agreement with those predicted by PACE4. This gives
confidence in the choice of input parameters of the theoretical
model code. Therefore, the same set of input parameters can
be used to fit the EFs of all ¢-emitting channels.

B. EFs of o-emitting channels

Reaction residues '7>!"+173Ta and '7"!"?Lu are populated
via emission of a3n, adn, aSn, 202n, and 2a3n respectively.
These residues are expected to be populated via both CF
and/or ICFE. It is relevant to mention that ICF is not taken
into consideration in PACE4; therefore, calculation of cross
sections for a-emitting channels with this code may illuminate
the underlying physical effects. The experimental EFs of
individual «-emitting channels are compared with PACE4
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FIG. 4. (Color online) Experimentally measured EFs of ERs !> Ta, 74Ta, !73Ta, >Lu, and '"'Lu are compared with the PACE4 predictions.
Solid black curves represent theoretical calculations as described in the text. In panel (d) the dotted lines through the data points are drawn to

show the trend of the excitation function.

predictions in Figs. 4(a)-4(d). As shown in Figs. 4(a)-4(c),
the experimental EFs of '73:174175Ta residues are significantly
enhanced as compared to the PACE4 predictions for the studied
energy range. The enhancement in experimental EFs over
PACE4 predictions may be attributed to the ICF processes. For
example, the evaporation residue '’*Ta may be populated via
both CF and/or ICF through three routes:

(i) CF — decay of '82Re* via two protons and six
neutrons (2 p6n channel),

BC4 19Tm = 82Re* = "#Ta 4 2p6n,
Q value =~ —69.15 MeV,
Er, =~ 74.47 MeV.

CF — decay of '?Re* via an o particle and four
neutrons (a4n channel),
13C + 169Tm = 182Re* = 174Ta + 0[41/1,
0 value =~ —40.86 MeV,
E7, ~ 43.99 MeV.

ICF — breakup of 13C (.., °Be + «), where °Be
fuses with '9°Tm forming a '"®Ta* composite system
and an o particle moves in the forward direction as
a spectator. The reduced excited compound nucleus
178Ta* decays through the emission of 4 neutrons,
BC(°Be +a) = *Be + '“Tm = ¥ Ta*

(o as a spectator)
= 178Ta* = 174'-[*a + 4I”l,
Q value =~ —30.21 MeV,
E7, ~ 31.82 MeV.

(i)

(iii)

Figure 4(d) shows EFs for '""'?Lu residues where the
statistical model code PACE4 predicts negligible cross section,
indicating their population solely via ICF processes. As such,
it can be inferred that the ICF significantly contributes in the
production of '73174175Ta and '7!:!"2Lu isotopes. In order to
account for the ICF fraction in the studied «-emitting channels,

the sum of all @-emitting channels (EGS(;) is compared with

that predicted by PACE4 (ZO'SA,;EEA‘) in Fig. 5(a). The ICF
fraction at different energies is calculated as oycp = Eae",‘('; —
ogsgs [69,70]. For better visualization of increasing ICF
contribution with incident projectile energy, the value of X oycr
is plotted in Fig. 5(b), which reflects strong energy dependence
of the ICF fraction. It may not be out of place to mention that
the contribution shown in Fig. 5(b) gives the lower limit of
ICF because all the expected a-emitting channels could not be
measured.

C. Onset and strength of ICF

For better insight into the onset and strength of ICF, the ICF
strength function (Ficr) has been derived from the analysis of
experimental EFs in the 3C+'Tm system which defines
empirical probability of ICF at different projectile energies,
and is plotted in Fig. 6(a). As shown in this figure, the value
of Ficr linearly increases from ~5% (at ~16% above the
barrier) to &~10% (at ~56% above the barrier). This suggests
strong projectile energy dependence of ICF reactions. The
present results are found to be qualitatively consistent with
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FIG. 5. (Color online) (a) Sums of all experimentally measured
cross sections for « and 2« emitting channels are compared with
correcting PACE4 prediction. The values of Eoe";/g are significantly
higher than that predicted by PACE4. (b) Deduced oicr is plotted as a
function of beam energy. The dashed line through the data points in

(b) is drawn just to guide the eyes.

that presented for the '>?C+'%Tm system by Singh et al. [54].
In Fig. 6(b), the values of Ficp obtained in the BC419Tm
system (present work) are compared with those obtained in the
2C4199Tm system [54] as a function of vy to probe the effect
of one-neutron (1n) excess projectile on the onset and strength
of ICF. According to Morgenstern’s systematics [71,72], ICF
contributes significantly above vy; & 0.06 (6% of ¢). As shown
in Fig. 6(b), the values of vy are in the range from ~0.04 (4%
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FIG. 6. (Color online) (a) Deduced Ficras a function of normal-
ized energy and (b) a comparison of deduced Ficr as a function of
relative velocity (vy/c) for '*12C+1Tm systems, respectively. In
(a), the line is drawn to guide the eyes.
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of ¢) to 20.07 (7% of c) for the '3C projectile. The results
presented in Fig. 6(b) clearly demonstrate the onset of ICF
at the relatively lower value of vy, i.e., 0.04 (Ficr & 4%)
in the BC+1Tm system. In this case, the observed value of
Ficr is significant at well below the proposed onset value of
Vrel (€., 6% of ¢). As such, it can be inferred that the ICF starts
competing with CF even at slightly above barrier energies.

Further, as shown in Fig. 6(b), the values of Ficp for
the '*C projectile are less than for the '?C projectile in the
studied energy range. The difference in Ficp for two systems
(B3C,12C+'%Tm) is clearly evident, which indicates the strong
projectile dependence of Ficp. It may be pointed out that the
12C projectile is an a-cluster nuclei, which may break up
into several combinations of « clusters. Some of the breakup
combinations which have been observed in previous studies
are >2C — ®Be+*He(«) and/or three o fragments. One or
a group of fragments may fuse with the target nucleus to
form an incompletely fused composite system. In the case
of the '3C projectile, one-neutron (1n) excess modifies the
breakup probability, which may eventually affect the fraction
of ICF. The '2C projectile may open up more ICF channels as
compared to the '3C induced reactions.

D. Projectile structure dependence of ICF

As discussed in the previous section, onset and fraction of
ICF are found to be noticeably different for '3C+'°Tm and
12C4+199Tm systems, which may be the effect of an additional
neutron as compared to the '>C projectile. In order to better
understand the projectile structure dependence of ICF, the radii
of 13C and '?C have been calculated using the standard formula
ie., R = RyA/? (keeping Ry = 1.2 fm), and have been found
to be 222.821 and ~2.747 fm for 13C and '>C, respectively. It
may be pointed out that no physically reasonable relationship
of ICF fraction with the projectile size could be obtained. The
differences in the values of ICF fraction at the same normalized
energies for two projectile-target combinations may be due
to the projectile structure effects. In this regard, the projectile
binding energy may play an important role. The binding energy
per nucleon (Ep/A) for '3C and '>C projectiles are found to
be 7.469 and 7.680 MeV, respectively.

The fact that the '>C is more strongly bound than the
13C projectile suggests a larger breakup probability for '*C
projectile. However, in the present case contradictory results
in terms of binding energy have been observed. Similar
observations have been made in the cases of '2C,'3C+'°Tb
[44,53] and '2C,'3C+'8!Ta [49] systems. In order to explore
this issue, the ICF strength functions in '>C,'3C4!“Tm
systems have been studied in terms of projectile o-Q value
in which the projectiles may be assumed to break up into the
following channels:

2¢ = 3Be 4+ «, Q4 = —7.37 MeV,
BC = Be + «, 0y = —10.64 MeV.

As indicated above, the a-Q value (Q,) for the non-
a-cluster ('3C) projectile is more negative than that of the
a-cluster (!2C) projectile. This translates into less fusion
incompleteness for a one-neutron (1n) excess projectile than
that observed for the '*C projectile.
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TABLE II. Experimentally measured production cross sections for the residues populated via CF only.

PHYSICAL REVIEW C 89, 024608 (2014)

ELab (MeV) '79Re 178Re 177Re 176Re 177W
59.60 £ 1.0 125.14 £ 18.77 202.44 +31.86

64.05 £0.95 80.21 £15.5 473.61 +76.04 3.21+0.51

66.82 +1.18 33.45+5.01 530.12 £73.80 28.40 +9.64 0.53+£0.09
69.18 £0.8 25.65+3.8 552.13 +£82.81 140.25 +24.03 6.23 +1.08
71.55+0.77 13.63 £2.04 506.76 = 91.01 280.51 +35.38 5.09+£0.9
75.14 £0.7 303.13 £47.05 603.10 = 84.2 25.52+4.5
75.49 + 1.31 280.67 =45.18 600.23 =87 23.60 +£4.23
77.30+1.02 176.95 +£26.5 765.49 +122.47 38.22 £ 6.84
80.31+0.9 94.20 + 16.24 790.80+ 111.7 92.87 + 14.85 59.10 + 10.63
80.92 £ 1.08 75.93 £9.43 810.67 £121.3 135.33 £ 21.65 62.32+11.21
82.7+1.3 52.16 £7.81 800.26 + 135.88 279.75 +£28.76 66.34 = 11.88
85.2+0.8 23.50 £3.52 695.98 £ 111.1 438.62 + 54.1 76.42 + 13.75

Further, the values of Ficp have been plotted as a function
of Q, at different relative velocities in Figs. 7(a)-7(c). The
value of Ficg for the '°O projectile (Q, ~ —7.16 MeV) is
also compared in this figure. As shown in this figure, the
values of Ficp fall off systematically for more negative Q,
projectiles (i.e., 1°0, >C, and *C). Therefore, it can be safely
inferred that the Q,, is a rather more suitable parameter than
binding energy to explain ICF data. In order to strengthen the
above systematics, the values of Ficg for '2C,'3C,1°0+1Tb
[44,53,73] and '2C,13C,'0+'81Ta [46,49] systems have been
compared in Figs. 8(a) and 8(b) as a functions of Q, at the
same value of of v,.;. As indicated in this figure, the probability
of ICF is found to be higher for less negative Q, projectiles.
The present results are in good agreement with that presented
in Ref. [49,53].

E. Target dependence of ICF

In earlier sections, it has been demonstrated that the onset
and strength of ICF strongly depend on projectile energy,
structure, and Q. It may be interesting to extend this study to
the target dependence on ICF fraction. In order to display target
dependence, the value of the ICF fraction for the BC419Tm
system (present work) is plotted with that obtained in the
BC+15Tb [53] and '*C+'3!Ta [49] systems as a function
of mass asymmetry (u4) for a constant relative velocity (i.e.,
Vrel & 0.053¢) inFig. 9. As indicated in this figure, the values of

Ficr are found to be more for more mass-asymmetric systems.
The present results are in agreement with mass-asymmetry
systematics proposed by Morgenstern et al. [63,71,72]. It may
be pointed out that the values of Ficp for the Bey 8Ty system
are off from the increasing trend shown with a straight line.
It may be because of the fact that several expected o-emitting
channels could not be measured or observed due to their short
half-lives and/or very low intensities in this work.

F. Fusion £ distribution

In HI reactions, input angular momentum ¢ is a sensitive
entrance channel parameter which has been reported to be re-
sponsible for the low-energy CF. In order to study £ distribution
for presently studied system, the values of maximum angular
momentum (€,,x) and critical angular momentum for fusion to
oceur (£qif) in the '2C,13C+1Tm systems are calculated. The
Lmax 1s defined as the largest ¢ for which the colliding system
penetrates into the region where the total nucleus-nucleus
potential is attractive and/or the distance of closest approach is
smaller than the sum of the half-density radii. However, the €
is the limiting angular momentum for fusion to occur, which
determines the magnitude of the transmission coefficients T,
for individual reaction channels, and may be calculated from

TABLE III. Experimentally measured production cross sections of the residues populated via CF and/or ICF.

ELab (MCV) 175Ta 174*1'a 173Ta 172Lu 171Lu
64.05 +0.95 21.22+3.19 12.65+1.39 1.95+0.29 1.95+0.21

66.82 £1.18 45.61 £ 6.84 14.01 £1.54 1.86 +£0.27 2.01 +£0.22

69.18 £0.8 65.98 £9.75 10.11 £ 1.11 2.54 +0.37 3.22+0.33

71.55+£0.77 80.32+13.6 13.28 £ 1.46 4.35+0.65 3.53+0.38

75.14£0.7 88.35+14.75 30.27 +£3.34 7.16 £1.07 491 +0.55

7549 £1.31 84.35+ 14.12 36.95 +4.01 10.69 +2.20 491 +0.53

77.30+1.02 90.12 £ 16.61 43.19+4.7 1491+34 6.30 = 0.69

80.31 £0.9 62.92 +8.38 70.32+7.73 26.92+3.2 7.12+0.78 2.67+0.41
80.92 £ 1.08 63.41 £9.061 72.77+8.00 25.40 £3.51 7.59 +0.83 3.31+049
82.7+1.3 65.56 £9.75 75.46 £ 8.30 27.77 £5.56 6.41+£0.70 15.44 £2.31
85.2+0.8 67.17 £ 10.67 85.12+9.36 39.04 £7.35 9.61 +1.05 12.88+1.93
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FIG. 7. (Color online) Comparison of Ficr on the basis of «-Q
values at three different constant relative velocities [v,e; ~ (a) 0.053¢,
(b) 0.049¢, and (c) 0.040c]. For '>'2C+'®Tm systems, data is taken
from Refs. [45,54].

a simplified formula [74] as

PLI11(C1 + C2)3
grit = A2 4

C1C2 212262

¢ _ . ®
e+ e (C1+C2)2] ©)

where 1, is the reduced mass of the interacting partners, y
is the surface tension coefficient, Z;, Z, and C;, C, are the
atomic numbers and half-density radii of projectile and target
nuclei, respectively. From the above equation, the calculated
values of £ for the '>C,"*C+'Tm systems turn out to be

(a) ~0.053c
20 A 16q Urel 159Tb _

FICF (%)

(b) v,,~ 0.053¢

20 - “'Ta -

Z
7
Z
7
Z
7
%

-6 -7 -8 9 10 -1
Q_ (MeV)

FIG. 8. (Color online) Comparison of Ficr on the basis of a-Q
value of the projectile at a constant v, = 0.053¢ for different
projectile-target combinations ('>*C+'>Tb [44,53], 'O+!'*Tb
[73], '°O+'8!Ta [46], and '>'3C+'8'Ta [49]). For details see text.
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—
F Ao "Sc+15°Tp (Yadav, 2012) E
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FIG. 9. (Color online) Deduced percentage ICF fraction (Ficr)
for the present system ('*C+!%Tm) as a function of mass symmetry
at vy A 0.053¢ along with values available in literature ('3C+'*Tb
[53], 3C+'81Ta [49]). The solid line is drawn to guide the eyes.

~52h and =~ 48h, respectively. The values of the ¢;,, have
been calculated using the code CCFULL [75] with Woods-Saxon
potential depth Vy &~ 105 MeV and the radius parameter Ry ~
1.1 fm. In the present work, no coupling condition is used in
£max calculations. Because the strongly bound projectiles have
relatively high breakup thresholds, coupling to the breakup
channels plays a small role in fusion reactions.

The fusion ¢ distribution has been calculated for three
values of Ay (i.e., =0.50, 0.70, and 0.90 fm) and are plotted in
Figs. 10(a)-10(c) at the highest studied energy to display the
effect of surface diffuseness parameter Ag on £,x. As shown
in Figs. 10(a)-10(c), the lower value of diffuseness parameter

______ B+ Tm: —-—— 2C+"*Tm
LELELELAN BLURLELEL BLURLELELE BLELEL L BLBLL L B

60 - A0 ~0.50 fm (a)
340- -
E 1 Rz 1
b\=20_ .‘/.__4:. _
P 367 ]
0.5’::::::::::: i+
60 [ A0 ~ 0.70 fm 1. (B)
—~40 | e i
[ o [ ]

~ [ prd 441 b ]
620 7 N
[ '_»A 42h ' ]

L .7~ ' J

0 -+
60 - A0~ 0.90 fm ()
3 L " J
E40 s T
b\AZO i ':{'_"/"' ' 47h\ ' ]
| 44n .
0.'."...n....u....u....n. .';:|..

0 10 20 30 40 50

£ (n)

FIG. 10. (Color online) Fusion ¢ distributions calculated using
code cCFULL [75] for BC+'®Tm and '>C+'®Tm [54] systems at
85.2 MeV projectile energy for three different diffuseness parameter
Ay, i.e., (a) 0.50, (b) 0.70, and (c) 0.90.
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decreases the value of £,,,x, which results in the reduction of the
fusion cross section. The values of £,, for the 12C,13C+1Tm
systems calculated at &85 MeV for Ay &~ 0.70 fm are found to
be ~44h and ~42h, respectively. For Ay =~ 0.90 fm, the values
of £max increas by ~3h for the 3C+'Tm system and ~2h
for the >C+'%°Tm system. In the present work, the values of
Lmax are smaller than the values of £, indicating no fusion
above £, which suggests that the partial waves below £
also contribute to the ICF processes [51,76].

IV. SUMMARY AND CONCLUSIONS

In the present work, the EFs for several evaporation residues
populated via CF and/or ICF of '3C with '®Tm have been
measured at energies 24.4—6.5 MeV /nucleon and analyzed in
the framework of statistical model code PACE4. Experimentally
measured EFs of xn/pxn channels have been well reproduced
with PACE4 predictions, indicating the population of these
channels solely via CF. However, in the case of all ¢-emitting
channels, experimental EFs have been found to be significantly
enhanced as compared to the predictions of PACE4. This
enhancement has been assumed to be attributed to the onset of
ICF. The value of the independent production cross section for

PHYSICAL REVIEW C 89, 024608 (2014)

the p4n channel has been deduced from the cumulative and
precursor decay contributions due to its higher charge isobar.
A systematic analysis of ICF dependence on various
entrance channel parameters has been performed. It has
been found that ICF strongly depends on incident energy,
projectile and target type, «-Q value,and ¢ values. Results and
analysis presented on projectile structure effects suggest more
ICF fraction for less negative «-Q value projectiles. Results
presented in this paper are in good agreement with the existing
data [53]. Further, the measurement of forward ranges and spin
distributions of reactions recoils may provide a more clear and
conclusive picture of the incomplete fusion processes.
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