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Abstract

The excitation functions for the evaporation residues populated in the interaction of 34 165h, system
have been measured at projectile energies &~ 4—7 MeV/nucleon. Stacked foil activation technique followed
by off-line y-ray spectroscopy have been employed in the present work. The experimentally measured
cross-sections are analyzed in the frame work of statistical model code PACE4, which takes into account
only the complete fusion reaction cross-sections. The evaporation residues populated via xn and pxn chan-
nels were found to be in good agreement with the PACE4 predictions, while a significant enhancement in
the measured cross-sections over PACE4 predictions is observed in case of «-emitting channels, which may
be attributed to the incomplete fusion process. For the better understanding of incomplete fusion dynam-
ics, the incomplete fusion fraction has also been deduced and its sensitivity with various entrance channel
parameters like: projectile energy, mass-asymmetry, projectile structure in terms of Qy-value and Coulomb
effect has been studied in the present work. The incomplete fusion fraction is found to increase with in-
creasing the projectile energy and a strong projectile structure dependent mass-asymmetry systematic is
also observed. The incomplete fusion fraction is also found to be small for more negative Q-value projec-
tile (] 3 C) induced reactions as compared to less negative Q-value projectiles (12C, 160 and 20Ne) induced
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reactions with the same target nucleus 165Ho. An interesting trend is obtained on further investigation of
incomplete fusion dependence on Coulomb effect (ZpZr).
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

To understand the complete fusion (CF) and incomplete fusion (ICF) reaction dynamics vari-
ous efforts have been put-forth, [ 1-7] since its first observation by Britt and Quinton [8]. Inamura
et al. [9] provided the significant information of ICF reaction dynamics from the y-ray multi-
plicity measurements. Further, a remarkable and an impressive review of various utmost studies
was also summarized by Gerschel [10]. In order to explain the ICF reaction dynamics, vari-
ous theoretical models have been proposed [11-15], out of which breakup-fusion (BUF) [11]
and sum-rule [12] models are mostly used to explain the ICF reaction dynamics. It is impor-
tant to mention that all the existing models have been able to explain the ICF data at energies
>10 MeV/nucleon. Until now there is no theoretical model available, which could reproduce the
ICF data satisfactorily below 8 MeV/nucleon [16,17], hence experimental study of ICF is still an
active area of research.

In BUF model, the ICF reaction is explained as a two step process where the incident pro-
jectile breaks up into a-clusters (e.g. °C — ?Be + *He(«) or *He + 8Be(2«)) in the domain
of target nuclear field. The break-up fragments may lead to (a) sequential CF i.e. all the projec-
tile fragments may fuse with the target nucleus and/or (b) one of them may fuse with the target
nucleus, while the another fragment moves as a spectator in forward direction with nearly the
projectile velocity and have no impact on the way the reaction proceeds. On the other hand, the
sum-rule model predicted a specific localization in angular momentum £-space to describe the
ICF reaction dynamics. According to sum-rule model approach, the attractive nuclear potential is
dominant for £ < £.,;;, which may lead to the complete amalgamation of projectile with the tar-
get nucleus (i.e. CF) and for £ > £, there is only ICF process. However, recently some studies
have reported signature of ICF process even below £ < £, [5,7,16,18]. Furthermore Parker et al.
[19] observed the ICF features by measuring the forward peaked a-particles in reactions of '>C,
5N, 160, 19F and *°Ne with °!V target at incident energy of 6 MeV/nucleon. Morgenstern et al.
[20] reported that ICF strongly depends on the degree of mass-asymmetry in the entrance chan-
nel, which was later on also supported by the other studies [4—7]. However, some recent studies
suggested that the Morgenstern’s mass-asymmetry systematic is somehow a projectile structure
dependent [17,18,21]. Subsequently, ICF dependence on projectile Q,-value is observed by our
group [18] and others [17,21], where the observed projectile structure effect is explored more
conclusively. Recently, Shuaib et al. [21] observed a linear growth of ICF with Coulomb effect
(ZpZt) only for few projectile—target combinations.

Keeping all the aforementioned views into consideration, the excitation functions (EFs) of
various evaporation residues (ERs) populated in the interaction of '3C with ' Ho have been
measured and analyzed in the frame work of statistical model code PACE4 [22]. Recent studies
based on the EF measurements have shown that ICF also contributes significantly in the forma-
tion of ERs [4,7,18,23]. The ICF fraction for present system has been deduced and compared
with the data available in the literature for several projectile—target systems as a function of
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various entrance channel parameters. Presently, projectile structure is found to influence the ICF
dynamics and small ICF fraction is observed for 13C (more negative Q,-value projectile) in com-
parison to less negative Qq-value projectiles (2C, '°0 and 2°Ne) respectively. An attempt has
been made to further investigate the ICF dependence on Coulomb effect (ZpZt) and ICF fraction
is found to be higher for projectiles 2°Ne, 1°0 and '>C than reactions induced by projectile 13C.

2. Experimental procedure

The experimental work was carried out at Inter University Accelerator Centre (IUAC), New
Delhi, India. '®Ho target foils of thickness ~1.0-1.5 mg/cm? and Al-foils having thickness
~1.5-2.0 mg/cm? were fabricated by using the rolling technique. The a-transmission method,
which is based on the energy lost by 5.49 MeV «-particles emitted by 2*! Am source while pierc-
ing the target and catcher foils was used to measure the thickness of both target and Al-catcher
foils. The Al-foils used, act both as catcher as well as energy degraders. The midpoint energy for
each target foil was estimated using the code SRIMOS [24]. Two stacks each consisting of four
165Ho target foils backed by Al-foils were separately irradiated at ~ 88 and 71 MeV energies
using 13C ion-beam for about 7 hours in General Purpose Scattering Chamber (GPSC), which
has an in-vacuum transfer facility (ITF). In order to cover the wide energy range ~ 5688 MeV
stacked foil activation technique [25] was employed. A Faraday cup was placed behind the target-
catcher assembly to collect the charges, which was further used to calculate the beam flux. The
average beam current during the irradiation of both stacks was about 15 nA. After the irradiation
of samples, the target-catcher assemblies were dismounted from the GPSC for off-line measure-
ments. The activities induced in each target-catcher foil were recorded by using a pre-calibrated
(100 cc) high purity germanium (HPGe) detector coupled to CAMAC-based data acquisition
system CANDLE [26].

152Eu y-source of known strength was used for energy and geometry-dependent efficiency
(eg) calibration of HPGe detector at various source-detector positions. The distance between
irradiated sample and the detector was so adjusted to get sufficient count rate and the dead time
of the detector was less than 10%. The ERs populated in the interaction of '3C 4 193Ho system
were recognized by their characteristic y-rays and finally confirmed by decay curve analysis,
as an example the decay curve of !7#Ta is shown in the inset of Fig. 1(a). The observed y-ray
energy spectra obtained at Ey,, ~ 70 MeV are shown in Fig. 1. The y-ray peaks have been
assigned to the respective ERs populated via emission of xn, pxn, oexn, aepxn and 2axn channels.
It is important to mention that most of the « and 2« emitting channels have longer half-life i.e. in
days, thus Fig. 1(b) is the observed energy spectrum at large lapse time with E7,, =~ 70 MeV. The
populated ERs are listed in Table 1 along with their other spectroscopic properties like half-lives,
spin, characteristic y-ray energies and their branching ratio, which are taken from Refs. [27,
28]. The experimentally measured cross-sections o (E) of ERs was obtained using the following
expression [29]:

o(E) = AAexp(itr) 0
Nod I, KeG[1 — exp(—At)I[1 — exp(=At3)]

where, A is the total number of counts under the photo-peak, A is the decay constant of particular

ER, 1, is the time period between beam stop time and counting start time, Ny is the total number

of nuclei present in a target foil, ¢ is the incident beam flux, I, is the branching ratio of the

characteristic y-ray, K is the self-absorption correction term for y-rays, g is the geometry

dependent efficiency of the detector, #; is the irradiation time and #3 is the spectra recording
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Fig. 1. (Color online.) Typical y-ray energy spectrum obtained from the interactions of Bc 4 165H, system at
Ejq.p =70 MeV energy. In the inset of Fig. 1(a), a typical decay-curve for the identification of evaporation residue

1747 following its half-life.

time. The net possible error in the present work including statistical error was estimated to be
less than 15%. Utmost care was taken in determining the quantities such as target thickness, flux
measurement and efficiency of HPGe detector, whose inaccurate measurement may introduce
errors in the measured cross-sections. Detailed discussion on the error analysis is given in our

earlier work [18].
3. Analysis and experimental results

To understand the incomplete fusion reaction dynamics and its dependence on various en-
trance channel parameters, the excitation functions (EFs) of ERs !> Ta(3n), !7#Ta(4n), 173 Ta(5n),



212 S.A. Tali et al. / Nuclear Physics A 970 (2018) 208-223

Table 1
List of identified evaporation residues populated in 3c 4165, system via CF and/or ICF, along with their spectroscopic
properties.

Reactions Residues 112 JT Ey (keV) I, (%)
165Ho(13C, 3n) 1751, 10.5h 712t 125.90 5.8
266.90 10.8
348.50 12.0
165H0(13C, 4n) 1741, 1.05h 3t 206.50 58.0
764.79 1.3
971.06 12
165H0(13C, 5n) 173, 3.14h 512~ 160.40 49
172.20 18
180.60 22
165Ho(13C, 6n) 17279 36.8 min 3+ 214.02 55
1085.58 8.1
1109.27 14.9
165H0(13C, p4n) 173h¢ 23.6h 12~ 123.67 83
139.63 12.7
296.97 33.9
311.24 10.7
16510(13C, a2n) 1721y 6.7d 4= 810.06 16.6
900.72 29.8
1093.66 62.5
165H0(13C, «3n) 171y 8.24d 7/2+ 667.40 11.1
739.78 478
165Ho(13C, w4n) 1704 201d ot 193.13 2.1
985.10 5.5
165Ho(13C, a5n) 1691y 34.06 h 72t 191.21 20.6
960.62 234
165Ho(13C, apdn) 169yp 32.03d 712t 109.78 17.5
165Ho(13C, 2a3n) 167Tm 9.25d 12+t 207.80 41
165H0(13C, 204n) 1667y 7.70h 2t 705.33 11.0
778.82 18.9

172Ta(6n), 'Hf(p4n), *Lu(e2n), "'Lu(e3n), "Lu(e4n), 'Lu(a5n), ' Yb(apdn),
167 Tm(2¢3n) and '®Tm(2e4n) have been measured in the interaction of '3C with ' Ho at
Eup =~ 4-7 MeV /nucleon. The independent cross-sections have been deduced following the
method suggested by Cavinato et al. [30] and measured EFs are then compared with the the-
oretical predictions based on statistical model code PACE4 [22]. This code calculates the CF
cross-section using Bass formula [31]. The angular momentum projections are calculated at each
level of de-excitation, which in-turn makes it possible to determine the angular distribution of
emitted particles.
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Fig. 2. (Color online.) Comparison of experimentally measured EF of the ER 174y populated via 4n channel with
theoretical predictions by statistical model code PACE4 for K =8, 9, 10.
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Fig. 3. (Color online.) Experimentally measured EFs of ERs populated via xn (x = 3-6) and pxn (x = 4) channels in
the interaction of 13C + 195Ho system. The solid lines correspond to the theoretical predictions by statistical model code
PACE4 at K = 10.

3.1. Interpretation of xn and pxn channels: only CF process contributes

In order to reproduce the experimentally measured cross-sections and to choose the suitable
level density parameter (a = A/K MeV~!) for analysis of a-emission channels, the free param-
eter ‘K’ has been varied from K = 8 to 10. As a representative case, the EF of !7Ta populated
via emission of 4n channel is shown in Fig. 2. From this figure, it can be seen that experimentally
measured cross-sections are well reproduced for K = 10. Similarly K = 10 has been found to
give the best fit for other xn and pxn emission channels as shown in Fig. 3. These ERs are iden-
tified on the basis of their half-lives and characteristic y-ray energies. It is observed that the ER
I3Hf (1 /2 =23.6 h) populated via p4n channel is strongly fed from its higher-charge precursor
isobar 173 Ta (#; 2 = 3.14 h) through an electron capture (EC) process and/or B emission. Using
Cavinato et al. [30] formalism, the independent cross-sections of !7>Hf (¢ 173Hf) has been
computed (as shown in Fig. 3) from its measured cumulative cross-section as follows:
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The independent cross-sections of 73Hf well agree with PACE4 predictions for K = 10. As
mentioned earlier that PACE4 takes into account only CF cross-section, hence it can be con-
cluded that ERs populated via emission of xn and pxn channels are formed as a result of decay
of fully equilibrated compound nucleus (CN) !78Ta* i.e. by CF of incident projectile (13C) with
target nucleus ('®*Ho). In Fig. 4, the sum of all experimentally measured xn and pxn chan-

nel cross-sections (3 of,);ﬂ pxn) has been compared with the theoretical predictions of PACE4

I ,’?fgﬁn). As can be seen from this figure the theoretical calculations of PACE4 code repro-
duces well the sum of experimentally measured cross-sections for free parameter K = 10. This
again supports that these ERs are formed due to the CF of interacting nuclei and level density
parameter @ = A/10 MeV~! is most appropriate for the present work. Same set of input param-
eters has been retained in PACE4 code for further analysis of @ and 2« emitting channels and
any enhancement from the theoretical predictions may be accredited to ICF process as proposed

by several recent studies [17,18,21,32].

3.1.1. axn and 2axn emission channels: accountable for ICF process

The experimentally measured EFs of the ERs populated via emission of « and 2« channels are
shown in Figs. 5(a)-5(d) and Figs. 6(a)—6(c), respectively and are compared with the theoretical
predictions of PACE4 at level density parameter a = A/10 MeV~!. The PACE4 predictions are
represented by solid blue curves. As mentioned earlier that PACE4 gives the CF cross-section
only, hence any enhancement in the measured cross-sections from the theoretical predictions of
PACEA4 is ascribed to ICF process. Due to involvement of « and 2« particles emission in the exit
channels, there is a possibility that these ERs may be produced from both CF and/or ICF pro-
cesses. In CF process, the incident projectile (1>C) entirely fuses with the target nucleus (®3Ho)
and forms a fully equilibrated CN (!78Ta”), which may further de-excite via n, p, axn and/or
2axn emission channels. On the other hand in ICF process, the incident projectile breaks into
two fragments in the realm of target nuclear field, only one of the fragments fuses with the target
nucleus while the other moves as a spectator in the forward direction. It may be observed form
these figures, that the experimentally measured cross-sections show considerable enhancement
over the theoretical predictions of PACE4, indicating the presence of ICF along with CF over the
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Fig. 5. (Color online.) Experimentally measured EFs of ERs 172Lu(a2n), 171Lu(a3n), 170Lu(o¢4n) and 169Lu(ozSn)
populated in the interactions of 1341650 system. The solid lines correspond to the theoretical predictions by statistical
model code PACE4 at K = 10.

entire projectile energy range. It may also be observed, that these EF graphs show different trends
depending on the ER populated. However !7>Lu populated via a2n channel shows an interesting
trend which reflects the population of this residue via three different decay channels.

(i) CF-1: the excited CN '78Ta" may decay via emission of two protons and four neutrons
(2p4n channel) as

BC 4 19Ho = 8Ta* = 17>Lu + 2p4n (Q-value = —51.90 MeV)

(ii) CF-2: the excited CN '78Ta" may decay via emission of an a-particle and two neutrons
(a2n channel) as

BC 4+ 19Ho = " Ta* = "Lu + a2n (Q-value = —23.60 MeV)

(iii) ICF: the excited composite system formed in the break-up of '>C may decay via emission
of two neutrons as

BC(®Be + «) + 'Ho = "*Lu* = ’Lu + 21 (Q-value = —12.95 MeV)

(a-particle moves as spectator)
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Fig. 6. (Color online.) Experimentally measured EFs of ERs 169Yb(ap4n), 167Tm(ZOt?m) and ]66Tm(2a4n) populated
in the interactions of 13C + 15Ho system. The solid lines correspond to the theoretical prediction by statistical model
code PACE4 at K = 10.

It may be seen from Fig. 5(a), the contributions due to CF-1 and CF-2 reaches at highest
point at &~ 62 MeV. However, for projectile energies at and above ~ 74 MeV the PACE4 highly
underestimates the experimental cross-sections. This shows that ICF remarkably contributes in
the formation of ER '7?Lu especially at higher energy side.

Further, it is important to mention that the ER 171y y (t1/2 = 8.24 d) shown in Fig. 5(b) pop-
ulated via emission of a3n channel has contribution in its cross-section only at higher energy
side coming from the decay of higher charge precursor isobars 71 Ta (#; 2 =23.3 min) and 17THE
(t12 = 12.1 h). The independent cross-section has been calculated in the same manner using
Cavinato et al. [30] formalism and expression for precursor subtraction is as follows:

(]71Lu)

exp

exp
Oind

171
= acum( Lu) — 1.06565‘2034

("7'HI) — 1.0685ACE4 (!

Ta) 3)

Also, in case of YD (1 ,2 = 32.02 d) populated via emission of ap4n channel there is a con-
tribution from the decay of its higher charge precursor 1697 y (t1/2 = 34.06 h), the independent
cross-sections has been calculated from its cumulative cross-sections and is shown in Fig. 6(a).
The independent cross-sections have been evaluated using the following expression:
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oS ("Pyb) = o0 (" Yb) — 1.0567F (*PLu) (4)

The EFs for ERs 97 Tm(2a3n) and '©Tm(2a4n) are shown in Figs. 6(b) and 6(c). The observed
significant enhancement from the PACE4 predictions clearly reveals that these ERs are populated
via ICF along with CF. Moreover the reaction mechanism involved in formation of the residues
produced via o and 2« emission may be represented as:

l-emission case:

(i) CF of 13C with '%Ho i.e.

13C+ 165H0:> 178Ta*
B 5 Xy 4 o+ xn (x =2,3,4,5)
(ii) ICF of 13C with ' Ho i.e.

13 C(9Be + a) +1Ho = "u* 4o (« particle moves as a spectator)
e = 7 Lu+ xn (x =2,3,4,5)

2c-emission case:

(i) CF of 13C with '%Ho i.e.

13C + 165H0 = 178Ta*
I8 Ta* = 70T 4 200 + xn (x =3, 4)
(Q-value = —28.29 MeV and 37.02 MeV for x = 3, 4 respectively)
(ii) ICF of 3C with ' Ho e.g.
13C(8Be +°He) + 165Ho = "OTm* 4+ 8Be  (®Be moves as spectator)
0 = 170X 4 xn (x =3, 4)
(Q-value = —15.34 MeV and 24.06 MeV for x = 3, 4 respectively)

For better comprehension of ICF contribution, the summation of experimentally measured

cross-sections of all & and 2« emitting channels () O’;iz 42axn) 18 compared with that evaluated

by statistical model code PACE4 (3 o(fﬁ‘ncffam) and is shown in Fig. 7(a). As can be seen from
this figure, the experimentally measured cross-sections are notably higher than those predicted
by PACE4 code for the same value of level density parameter (a = A/10 MeV~!). This enhance-
ment from the theoretical predictions points towards the presence of ICF process in the formation
of these ERs. The contribution of ICF in the formation of all & and 2« emitting channels has been
calculated as Y ojcp = Y 050 axn — 2 O’QP?,SEE‘Q - In order to extract more information re-
garding how ICF contributes to total fusion reaction cross-section (o7r = Y ocr+ Y oicF), the
sum of CF cross-sections of all channels (}_ ocr) and orF is plotted against incident projectile
energy in Fig. 7(b). It is clear from this figure that the separation between o7 r and Y ocF con-
tinuously increases with increase in projectile energy, implying the significant ICF contribution
along with CF throughout the energy region of interest. Furthermore, for better visualization of
ICF contribution, Y_ ojcr with projectile energy is plotted in the inset of Fig. 7(b). The incre-
ment in ICF may be due to the fact that break-up probability of the incident projectile '3C into
a-clusters [?Be + 4He(oz)] and/or [°He + 8Be(201)] increases as the projectile energy increases.
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Fig. 8. (Color online.) The deduced Fjcr (%) for Bo 4 1650 system as a function of reduced incident projectile energy
(Erab/ Vcp)- The line drawn is just to guide the eyes.

In order to understand the dependence of ICF on various entrance channel parameters, the
ICF fraction ( Ficr) for the presently studied system '3C + %Ho has been estimated as:

> oIcF
Y ocr+ Y. 0IcF

The calculated Fjcr is plotted as a function of Coulomb barrier (Vcp) independent projectile
energy (Erqs»/ Vep) and is shown in Fig. 8. From this figure, the value of Fjcr was found to be
~3% at projectile energy 7% above V¢ p and increases up to ~11% at energy 65% above Vcp.
This increment in Fjcr with Er,;,/ Vep infers that break-up probability of projectile increases
with increase in incident energy and also supports the previously observed projectile energy
dependent systematic of ICF [5,7,18,32].

Ficp(%) = x 100 )
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Fig. 9. (Color online.) Comparison of deduced Fjcr (%) of 13c 4165y, system with earlier studied systems as a function
of entrance channel mass-asymmetry (14, ) at same relative velocity (v, & 0.053c). For references see text.

3.1.2. Effect of mass-asymmetry on ICF

Mass-asymmetry systematic of Morgenstern et al. [20] has also been further studied in the
present work. To have the better visualization of ICF behavior with mass-asymmetry [u,, =
A7 /(Ap + A7)], the deduced ICF fraction (Fjcr) for present system 3C + '%Ho has been
compared with those obtained for 13C induced reactions with 75 Lu [18], 1*Tm [33] and '%°Tb
[32] targets, >C induced reactions with !>Lu [18], 1°Tm [39], % Ho [37], 3°Tb [40], °In
[41] and '93Rh [42] targets and 'O induced reactions with '°Tm [38], 1%Ho [17], °°Tb [36],
130Te [35] and '151n [34] targets at same relative velocity (v, &~ 0.053¢) and plotted against 1,
in Fig. 9. An interesting trend is observed in this figure and Fjcr is found to increase with increas-
ing the mass-asymmetry but separately for each projectile (i.e. 1>C, 13C and '°0) with different
targets. The present results show deviation from the Morgenstern’s mass-asymmetry systematic,
where a simple linear growth in Fjcr with mass-asymmetry was proposed. This figure quite in-
fers that projectile structure also governs the strength of Fjcr in the concerned energy region.
Present results are also found to support the recently observed projectile structure dependent
mass-asymmetry systematic by our group [18] and others [17,21]. Furthermore, the observed
projectile structure effect using «- and non-«-projectiles is interpreted in terms of Q-value of
projectile and discussed more clearly in next section of this paper.

3.1.3. Effect of Qu-value on ICF

To understand the notable behavior of ICF with mass-asymmetry systematic using «- and
non-a-cluster structured projectiles and to know how Q,-value of the projectile governs the ICF
reaction dynamics, the deduced ICF fraction (Fjcr) for presently studied '3C 4 1%3Ho system
has been compared along with previously studied systems '>C + 9 Ho [37], 10 + '6Ho [17]
and 2°Ne + 9Ho [5] at same relative velocity 0.053c, and is shown in Fig. 10. The Q,-value
for projectiles 3¢, 12¢, 190 and 2°Ne are as follows:

BCc=%Be+a, Qu =—10.65MeV
2C = %Be+a, Qu =—7.37 MeV
100 = 12C 4 @, Qu = —7.16 MeV
Ne = '°0 + o, Qy = —4.73 MeV
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Fig. 10. (Color online.) Comparison of deduced Fjcr (%) in terms of Qg -value of the projectiles at constant relative
velocity (vye; ~ 0.053¢), for 3¢, 12¢, 190 and 20Ne projectiles with the same 165H0 target.

It is quite clear from this figure that projectiles °Ne, '°0 and '>C having less negative
Qq-value show more ICF fraction compared to more negative Qq-value projectile '>C. This
may be understood in terms of cluster structure of the projectile, since 2°Ne, 10 and '*C are
well known a-cluster nuclei and have lower Qq-values compared to '>C. This probably makes
13C more tightly bound and thus has less probability to break-up into clusters nearby the target
nuclear field in comparison to other projectiles “°Ne, '°0 and '*C. From this figure, it may also
be inferred that Q,-value seems to be an important entrance channel parameter, which plays ut-
most role in ICF reaction dynamics and explains the projectile structure effect more effectively.
Subsequently, the observed projectile structure effect in terms of Q-value supports the recent
findings obtained by others [17,18,21].

3.1.4. Effect of Coulomb effect (ZpZt) on ICF

In the present work, the linear growth in ICF fraction with Coulomb effect (ZpZt) observed
by Shuaib et al. [21] is also further investigated. In order to have the better insight into the
ZpZt influence on ICF, the deduced ICF fraction Fjcr for the present system 13C 4+ 195Ho has
been compared with that obtained for previously studied systems [5,17,18,32-42] at same v ~
0.053c, as shown in Fig. 11. This figure shows clearly that Fjcr values obtained for 12¢, 160
and 2°Ne induced reactions increase with increasing the parameter ZpZt and lie on the same line.
However, the 13C induced reactions with same targets as used for '?C induced reactions have the
lower Fjcr values. Present observations reveals that Coulomb effect (ZpZt) governs the ICF
probability only up to some extent and for the interaction of projectiles having same Zp number
like '2C, 13C with the target of same Zr, the ICF dependence on Coulomb effect is inexplicable.
Moreover, the observed discrepancy in ICF dependence on ZpZt using the same Zp numbered
projectiles with the target of same Zt may be understood more clearly in terms of projectile
Qq-value as represented in Fig. 10. More and more data are needed to reach on some definite
conclusions regarding the effect of Coulomb repulsion (ZpZt) on ICF in the energy region of
4-7 MeV/nucleon.

4. Summary and conclusions

In the present work, EFs of twelve ERs !> Ta(3n), '7#Ta(4n), 173 Ta(5n), 72 Ta(6n), ! 7>Hf(p4n),
121 u(e2n), "Lu(a3n), '"OLu(e4n), '°Lu(asn), ' Yb(ap4n), 7 Tm(2a3n) and '°Tm(2a4n)



S.A. Tali et al. / Nuclear Physics A 970 (2018) 208-223 221

T200 ¥ 165 v v v
351 “Ne+ “Ho i
¢ "0+"%Tm V,,=0.053¢c -
30Lo 0+"Ho P ]
A 1804 1%y -
25 Fx 160 + 130Te é P 7 .
s 20 v 160 + 151 % i
E e "c+"Lu 7 1 % 12 175
©45L 13 169, s ® “C+ "Lu |
T8 ¢ C+7Tm s o 1201097
e C+™Ho m
10F 552 15 /g ‘ & "C+"Ho 1
A C+ 7Tb T d 12 159.
[ ] A FC+™Tb
5F P 4 ) v C+ ™in
0 )'V > 126 4 103
300 400 500 600 700

z,2,

Fig. 11. (Color online.) Comparison of deduced Fjcr (%) of 3¢ 4 165h, system with earlier studied systems as a
function of entrance channel ZpZt at same relative velocity (v,,; = 0.053¢). For references see text.

have been measured for '3C 4 '9Ho system in the energy range of ~4—7 MeV/nucleon. The
independent cross-sections in '73Hf, 7' Lu and '°Yb populated via p4n, a3n and ap4n channels
respectively have been extracted from the higher charge precursor isobars by using Cavinato et
al. [30] formalism. A good agreement for experimentally measured xn and pxn channel cross-
sections is observed on comparing with theoretical predictions of statistical model code PACE-4
at level density parameter a = A/10 MeV~!, indicating the population of these ERs via CF
process. However, the ICF is also an important mode of reaction along with CF process in the
population of @ and 2« emission channels between 4-7 MeV/nucleon energies. Also, the projec-
tile break-up probability is found to increase with increment in the energy of the projectile. The
increase in the ICF fraction with mass-asymmetry is observed to increase separately for each
projectile with different targets. Furthermore, Q,-value of the projectile is also found to strongly
influence the ICF fraction and relatively higher Fjcr value for less negative Q,-value projectiles
is observed compared to more negative Q,-value projectile. An interesting trend observed in the
re-investigation of the ICF dependence on Coulomb effect (ZpZt) reveals that the ICF fractions
for 12C, 190 and 2’Ne induced reactions lie on the same line and are relatively higher in compar-
ison to 13C induced reactions with the targets used as that for '>C. Hence, the present findings
are in contrary to Shuaib et al. [21] suggestions, where a simple linear growth in ICF fraction
with (ZpZt) was reported. Moreover, the present work would be fruitful in understanding and
perfect modeling of ICF dynamics in the energy range of 4—7 MeV/nucleon.
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