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The fusion dynamics of various projectilé§ ©, 2Al and $7Cl) with thegg’”Ge-isotopeS is analyzed using the energy dependent Woods-

Saxon potential model (EDWSP model) and the coupled channel formulation. The impacts of the inelastic surface excitations of fusing
nuclei have been examined using the coupled channel model and by inclusion of appropriate number of the intrinsic channels, the observed
fusion enhancements can be reasonably explained for all fusing systems. The magnitude of the sub-barrier fusion enhancement is found to
be increasing with the increase of deformation parameter associated with the colliding systems. Furthermore, the optimum choice of the
static Woods-Saxon potential and the EDWSP model are simultaneously tested along with the Wong'’s approximation for explanation of the
fusion of§°0 + 1" Ge, 75Al + 10"*Ge and{Cl + 73 ">Ge reactions. The theoretical predictions obtained by using the static Woods-Saxon
potential model are found to be substantially smaller than the experimental data particularly at below barrier energies. In contrast, the EDWSP
model based calculations provide an adequate description of the observed fusion enhancement of the chosen reactions. This unambiguously
reveals that the discrepancies between theoretical results obtained through the single barrier penetration model and the experimental data can
be partially or fully removed if either one makes the use of the EDWSP model along with the Wong’s approximation or includes the intrinsic
channels associated with the fusing systems in coupled channel calculations. In addition, the EDWSP model based predictions are capable
of recovering an agreement with the fusion data within 10%. For chosen reactions, only at 7 fusion data points out of 77 fusion data points
does the deviation exceed 5% while 70 fusion data points lie within 5%. Therefore, the EDWSP model based calculations are able to provide
close agreement with the fusion data points at above barrier energies within 5% with a probability more than 90%.
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1. Introduction tion barrier between the colliding systems and consequently
results in an anomalously large fusion excitation functions
below barrier energies. Within the coupled channel ap-

. t
In the past few decades, the large number of theoretical ar?roach, the effect of inclusion of intrinsic channels associated

experimental efforts has been concentrated to investigqtg ith the colliding systems is to replace the nominal Coulomb
role of the nucl_ear structure degree_s of free_dom of CO”'_Slorbarrier by a distribution of barriers of different height and

palrngfars on TS.KI)” %roiesti. Tfhe fus:_on refactmns, whe:jem tr\5?’/eight. In barrier distribution, the presence fusion barriers
colliding nucler leads to the formation o a compound nu-,,,qq heights are smaller than the Coulomb barrier allow

cleus either by overcoming or by quantum mechanical WUNthe passage of flux from entrance channel to fusion channel

neling through the_ Coulomb barrier, have_ emerged as ON&nd hence coupled channel calculations are capable of repro-
of the most sensitive nuclear spectroscopic tool to examlntg1ucing the observed fusion dynamics [5-6]

the role of the nuclear structure of the participating nuclei as
well as their nuclear interactions [1-3]. Despite of the lots  In theoretical description, the influences of the rele-
of investigations done so far, the dynamics of fusion reacvant intrinsic channels are incorporated through the nucleus-
tions still shows unexpected facets and attracts researcher tacleus potential. In this respect, the choice of nuclear po-
explore many unexplored features. Many theoretical and extential is very crucial in order to judge the success of the
perimental evidences showed that the sub-barrier fusion exheoretical approach. In heavy ion fusion reactions, the opti-
citation function data of various fusing systems is dramati-mum choice of the nucleus-nucleus potential, which consists
cally enhanced over the predictions of the one-dimensionabf the Coulomb repulsive interaction, centrifugal term and
barrier penetration model. Such fusion enhancement at neahort range attractive nuclear potential, strongly affects the
and sub-barrier energies has an intimate link with the nucleamagnitude of fusion excitation functions and hence an accu-
structure degrees of freedom such as permanent deformatioate knowledge with regard the nuclear potential greatly sim-
(deformed nuclei), vibration of nuclear surface (spherical nuplifies the problem of understanding of the basic mechanism
clei), rotations of nuclei during collision, neck formation and involved in the nuclear reaction dynamics [7-20]. The nu-
nucleon (multi-nucleon) transfer reactions [1-4]. The cou-clear potential of the Woods-Saxon form, wherein the depth,
pling of such dominant intrinsic channels to the relative mo-range and diffuseness parameters are interrelated, is often
tion of the collision partners effectively reduces the interac-used to preview the various features of the heavy ion colli-
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sions. For this potential, the different sets of potential pasion dynamics of different projectileg®©, ?ZAl and $ZCl)
rameters are associated with different nuclear interactionith the ;0 Ge- -isotope provides more concrete statement
between the collision partners. In case of elastic scatteringbout the influences of internal degrees of freedom on fu-
analysis, a diffuseness af = 0.65 fm is the most suit- sion process. In case of target isotoch%s?Ge), which are
able for good description of the data. In contrast to this, aspherical in shape, the inelastic surface excitations play very
much larger value of the diffuseness parameter ranging frororucial role in sub-barrier fusion dynamics. The theoretical
a =075 fmtoa = 1.5 fm has been extracted from the calculations based on the static Woods-Saxon potential are
systematics of the fusion reactions [21-23]. This diffusenessinable to explain the observed fusion dynamics of the chosen
anomaly, which might preview the various static and dynam+eactions. Such discrepancies between theoretical predictions
ical physical effects, is one of the interesting and challengingnd the below barrier fusion data can understood in terms of
issue of heavy ion collisions. For heavy ion reactions, thethe collective excitations of collision partners. The inclusions
recent analysis [16,24-28] suggested that the energy depeof the dominant intrinsic channels in coupled channel calcu-
dence in nucleus-nucleus potential is another essential fedations, which are performed using the code CCFULL [44],
ture of nuclear potential. Such energy dependence is alsavercome these deviations. In contrast, the energy depen-
pointed out in double folding potential wherein it originates dence in nucleus-nucleus potential introduces various kinds
from the nucleon-nucleon interactions as well as the nonef barrier modifications and consequently reduces the fusion
local quantum effects. The non-local quantum effects ardvarrier which in turn responsible for the predictions of larger
directly linked with the exchange of nucleons between thesub-barrier fusion excitation functions with reference to the
colliding systems and consequently generate a velocity desimple one dimensional barrier penetration model. The brief
pendent nuclear potential [16,24]. The energy dependence ofescription of the method of calculation is given in Sec. 2.
the local equivalent potential is related to the finite range ofThe results are discussed in detail in Sec. 3 while the conclu-
Pauli nonlocality which in turn manifests the exchange of nu-sions drawn are presented in Sec. 4.

cleons during nuclear interactions [16,24]. It is quite interest-,
ing to note that the energy dependence in nucleus-nucleus pg Theoretical Formalism
tential is also reflected from the microscopic time-dependeny ;-
Hartree-Fock theory [25-28]. In Ref. 25 to 26, it has been
shown that in the domain of the Coulomb barrier, the nucleafhe total fusion cross-section within the framework of partial
potential becomes energy dependent and such energy depeavave analysis is defined as

dence occurs due to coordinate-dependent mass and the in- oo

volvement channel coupling effects associated with the col- oF = 12 Z(zg +1)TfF 1)
lision partners. In this sense, the energy dependent nuclear k =0

potential may give better explanation of the many unchartegill and Wheeler proposed an expression for tunneling prob-
features of nuclear interactions. To include nuclear structurgpility (TF), which is based on the parabolic approxima-
effects as well as the energy dependence in nucleus-nucleygn [45]. In parabolic approximations, the effective inter-
potential, the earlier work undertook several efforts by intro-action potential between the collision partners has been re-
ducing the energy dependence in the Woods-Saxon potentiglaced by a parabola and the tunneling probability through

Single channel description

via its diffuseness parameter [29-31]. this barrier can be estimated by using the following expres-
In this work, the fusion dynamics ¢fO + 70 "°Ge,2Al  sion.
+ 10 Ge and?ICl + 13 "°Ge reactions [32-42] is analyzed 1

HW
within the view of the statlc Woods-Saxon potential and the I = 1+ ex { v )} )
energy dependent Woods-Saxon potential model (EDWSP P tVe ™

model) [4,8-9,13,17-18,29-31] along with the Wong’s ap- This parabolic approximation was further simplified by Wong
proximation [43]. As far as the colliding systems are con-using the following assumptions for barrier position, barrier
cerned, the projectiles exhibit dominance of the different nucurvature and barrier height [43].

clear structure degrees of freedom and consequently results Ry = Ry—o = Rps 3)
in the different energy dependence of the sub-barrier fusion

cross-sections. The lighter projectilfQ) is spherical nu- We = wyp—g = w 4)
cleus, wherein the low lying inelastic surface excitations are ) 9

dominant mode of couplings. The heavier projectife\( V, = Vg + h [g + 1} (5)
and$ZCl) are oblate in shape but due to odd-A nature pos- QMRQB 2

sess large number of low lying inelastic surface excitationsyith, V is the Coulomb barrier which correspondgte: 0.
and coupling to such vibrational states produces substan- Using Eq. (2) to Eqg. (5) into Eq. (1), the fusion cross-
tially larger sub-barrier fusion enhancement over the predicsection can be written as

tions of the one dimensional barrier penetration model. Fur- 25 +1)
thermore (°O-isotope is doubly magié?Al-isotope is non- OF =13 Z
magic while thefZCl-isotope is magic nucleus and hence fu-

1 + exp hw T (Vp — )] ©)
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By incorporating the contributions from the infinite number and
of partial waves to fusion process, one can change the sum-
mation over/ into integral with respect té in Eq. (6). By Ir = (NT - ZT)
solving the integral one obtains the following expression of
the one dimensional Wong formula [43].
) are the isospin asymmetry of fusing pairs.

= hwoRj In [1 + exp (%(E — Vs)ﬂ (7) In collision dynamics, the large number of static and dy-

2E hw namical physical effects occurs in the surface region of nu-

In earlier work, the EDWSP model [4,8-9,13,17-18 29_31]clear potential or tail region of the Coulomb barrier and con-
successfully explores the fusion dynamics of various heavy€duently changes the parameters of nuclear potential. For
ion fusion reactions wherein the inelastic surface excitationd?Stance, the variation of N/Z ratio of the colliding pairs, vari-
and nucleon (multi-nucleon) transfer channels are the mogttion of surface energy and nucleon densities during nuclear
relevant intrinsic channels. This work examines the fusiorjntéractions, the channel coupling effects like permanent de-
mechanism of different projectiles%O, 2;Al and 3ICl) formation and low lying inelastic surface excitations of the
which spans the dominance of different intrinsic channelsclliding systems, nucleon (multi-nucleon) transfer channels,
with common spherical target$5(°Ge). For theoretical neck formation, dissipation of kinetic energy of the relative
predictions, the static Woods-Saxon potential and the enmotion of the collision partners to their internal structure de-
ergy dependent Woods-Saxon potential (EDWSP) model arg"€€s or other_statk_: and dynamical physica_l effects genera_lly
exploited along with the one dimensional Wong formula, ©CCuUr In the tail region of the Coulomb barrier. These physi-
The coupled channel calculations are performed using theal effects induce modifications in the values of the potential
code CCFULL [44] wherein the static Woods-Saxon potenParameters and henceforth, results in the requirement of the
tial model has been used to entertain the influence of nuclelifférent set of potential parameters for the different type of
structure degrees of freedom of the fusing systems. In thithe nuclear interactions. In fusion dynamics, the diffuseness

sense, the optimum form of the static Woods-Saxon potemia@arameter of the static Woods-Saxon potential strongly alters
is defined as the energy dependence of low energy fusion cross-section at

near and below barrier energies and there is large number of

—Vo (8) experimental evidences wherein an abnormally large value of

[1 + exp (T]A)] the diffuseness parameter is needed to explore the sub-barrier
. 13 13 N . fusion data. The recently observed steep fall of fusion excita-
with Ro = r(Ap' "+ Ay "). The quantitiesVy' is depthand  tjon function data at deep sub-barrier energy region in many
‘a’ is diffuseness parameter of the Woods-Saxon potentialmedium mass nuclei, which is termed as fusion hindrance,
In EDWSP model, the depth of real part of the Woods-Saxonzan only be explained if one uses an abnormally large dif-

oF

VN(’I’) =

potential is defined as fuseness parameter [2-3]. In addition, the nuclear structure
2 2 2 effects present in surface region produce fluctuation in the
Vo= {AP + A7 = (Ap + AT)3} strength of nuclear potential and this kind of fluctuation of

nuclear strength is associated with the variation of the dif-
MeV  (9) fuseness parameter. It is worth noting here that the differ-
ent channel coupling effects and non-local quantum effects
which originate from the underlying nucleon-nucleon inter-
where actions induce the energy dependence in nucleus-nucleus po-
N. — 7 tential. Therefore, to include all the above mentioned phys-
I = P P . -
P ( A, > ical .effects,_the energy (_jepen(?ience in the Woods-Saxon po-
tential was introduced via its diffuseness parameter. The en-
| ergy dependent diffuseness parameter is defined as

x [2.38 4+ 6.8(1 4 I, + Ir)

1

3

p AT

I I
3 3
Ap + A3

To

fm
B g
13.75 (4, + A7%) <1+ exp (W))

The range parameter) is an adjustable parameter and

its value is optimized in order to vary the diffuseness paramyyre of the participating nuclei and the type of dominance of
eter required to address the observed fusion dynamics of fugpclear structure degrees of freedom and hence the different
ing system under consideration. In addition, the value of theyet yalues of the range parametey) @re required to explain
range parameterq) strongly depends on the nuclear struc- the fusion dynamics of the different fusing systems. The po-

a(E) =085 |1+ (10)
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tential parameters-¢, a andV;) of the EDWSP model are existence of the potential pocket of the interaction fusion bar-
interrelated and the change in one parameter automaticallyer, are well applicable for heavy ion collisions. According
brings the corresponding adjustment in the values of otheto IWBC, there are only incoming waves at the minimum
parameters. In the present model, the valugyadepends on  position of the Coulomb pocket inside the barrier and there
the surface energy and isospin term of the interacting nucleare only outgoing waves at infinity for all channels except
and the other two parameterns (@nda) are linked through the entrance channel. By incorporating the influence of the
the Eq. (10). Therefore, the values of the diffuseness parandominant intrinsic channels, the fusion cross-section can be
eter is directly related with the range paramete)) fvhich  written as

in turn geometrically defines the radii of the fusing systems ﬂ

(Ro = ro(4y* + AY®)). Thus, the variation of the dif- op(B) =Y 0,(E)= = Y @I+1)Py(E) (12
fuseness parameter is directly linked with the fluctuation of J 0

rad_u of theT colliding systems during their n_uclear mtgractmn.where, P,(E) is the total transmission coefficient corre-
This consistency of the range parameter is also evident from

th led ch | model herein the radi tsPonding to the angular momentum The rotational cou-
© couple 1/‘5 annle/g modeis, wherein e radius parame %Iing with a pure rotor and vibrational coupling in the har-
(Ro =19(Ap'" + A4 7)) is used in the Woods-Saxon poten-

monic limit are considered in the coupled channel approach.

tial for incorporating the effects of the nuclear structure de-r, ; A ot : 5
e rotational and vibrational couplings operatap
grees of freedom of the fusing pairs [44,46-48]. The values o re defined aSOR) plngs op 0

the range parameter used in the EDWSP model calculations

for the chosen reactions are consistent with the commonly Op = BoRyYao + BuRrYs and
adopted values of the range parametgr £ 0.90 fm to
ro = 1.35 fm), which are generally used in literature within Oy = 2 RT(G‘LO +ayo) respectively. (13)

the context of the different theoretical models for different Var

colliding systems [1-3,5-6,48-49]. ) ) ) ) _
whereRr is defined ascoupd!/?, By is the deformation pa-

2.2.  Coupled channel description rameter andzio(am) is the creation (annihilation) operator
of the phonon of vibrational mode of multipolarity. The

The coupled channel method that provides an adequate d&atrix elements of the rotational coupling operatog] be-

scription of the fusion dynamics of various heavy on fusiontween then) = |10) and|m) = |I'0) states of the rotational

reactions at near and sub-barrier energies is the most fundgand and the matrix elements of vibrational coupling opera-

mental approach. In this method, the influences of intrintor (Ov) between the:-phonon statén) and them-phonon

sic channels associated with the fusing systems are propergjate|m) are defined as

incorporated [44, 46-48]. In coupled channel approach, the

following set of the coupled channel equation is solved nu- 4 \/5(21 +1)(20' + 1)5 (1 2T ?
merically. R(LI) 4r 2T Lo 0 0
2
L[ O PN 127 i PR N (00 0 ) e
2u dr? 2ur? N r 4dT 0 0 0
and
+éen — Ecm 1%(7“) + Z Vnm(r)l/}m(r) =0 (11) ~
m OV(nm) = &RT(‘Sn,m—lm + 5n,m+1\/ﬁ) (15)

2%
where,7 defines the radial separation between the interact- velv. The Coulomb i i el
ing nuclei. p is defined as the reduced mass of the col-respectively. e Coulomb coupling matrix elements are

liding systems. E,,, ande,, represent the bombarding en- gomdputed by the linear coupling approximation and are de-
ergy in the center of mass frame and the excitation energ{}ne as

iR : . .
of the n*"channel respectivelyV,,,,, which consists of the 3ZpZrR2 \/5(21 F1)(2I +1)

Coulomb and nuclear components, is the matrix elements of VRC(“,) = 3 e
the coupling Hamiltonian. The realistic coupled channel cal-

culations are obtained within the view of the coupled channel 2 5[5 I 2 1\
code CCFULL [44]. In code CCFULL, the coupled channel x| B2t ?62 p ( 00 0 )
equations are solved numerically by imposing the no-Coriolis

or rotating frame approximation and ingoing wave boundary 3ZpZr R} \/9(2] +1)(2I' +1)
conditions (IWBC). The no-Coriolis or rotating frame ap- 975 Ar

proximation has been entertained for reducing the number of SN2

the coupled channel equations [44,46-48]. The ingoing wave « (54 + 9%) ( 41 > (16)
boundary conditions (IWBC), which are quite sensitive to the 7 00 0
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and
A
2 RT
,,«A+1

R(II") _ B 3 7
Yie) Van 2317777

X (\/ﬁan,mfl + \/ﬁ(sn,erl) (17
for the rotational and vibrational couplings respectively.

3. Results and Discussion

The present paper systematically analyzed the fusion dynam-
ics of various heavy ion fusion reactions within the context
of the static Woods-Saxon potential and energy dependent

Woods-Saxon potential model along with Wong'’s approxi-

GAUTAM

TaBLE Ill. Range, depth and diffuseness of the Woods-Saxon po-
tential used in the EDWSP model calculations for various heavy
ion fusion reactions [4,8-9,13,17-18,29-31].

System ro(fm) Vo(MeV) En(é:;e;e;;ge(%)
%0 +19Ge 1.100 53.62 09510 0.85
%0 +2Ge 1.100 55.12 Ry
ZAI+9Ge  1.090 76.20 e
2TAl+ 2Ge 1.090 78.44 09610 0.85
37C1+ 79Ge 1.110 94.34 09610 0.85
37Cl+ 12Ge 1.110 97.19 09500 0.55

mation. The influences of nuclear structure degrees of free-

dom of the fusing pairs are investigated using the couple
channel calculations. In this work, the fusing systems ar

selected in such a way that the different projectiles: doubl)fn

magic ¢°0), non-magic {ZAl) and semi-magic {*Cl) nu-
clei are fused with the spherical Ge-isotopgs'¢Ge). The

values of the deformation parameters and corresponding ex

citation energies of low lying 2 and 3~ vibrational states

&p Fig. 1. For all cases, the theoretical predations made by
@dopting the static Woods-Saxon potential along with one di-

ensional Wong formula are significantly smaller than the
experimental data particularly at below barrier energies while
at above barrier energies, experimental data has been prop-
rly accounted. The static Woods-Saxon potential produces
single nominal barrier and therefore, theoretical calculations

of the colliding systems as required in the coupled channeﬁ’rediCt substantially small sub-barrier fusion cross-sections

calculations are listed in Table I. The barrier characteristic
such as barrier height, barrier position and barrier curvatur
of various colliding pairs used in the EDWSP model calcu-
lations are listed in Table Il. The potential parameter like

range, depth and diffuseness parameters as used in the E

WSP model calculations for the chosen reactions are given i
Table 111

The details of the coupled channel calculations for the fu-

sion dynamics of60 + 5 "*Ge, 2IAl + 13> Ge andBICl +

9" Ge reactions are shown in Fig. 3. The theoretical result
based on the static Woods-Saxon potential and the ener
dependent Woods-Saxon potential model (EDWSP mode
along with the one dimensional Wong formula are depicted

TABLE |. The deformation parametesy) and the energyK)) of
the quadrupole and octupole vibrational states of fusing nuclei.

Nucleus [ E>(MeV) 03 E3(MeV) Reference
0 0370 6920 0.700 6.130 [37]
¥Ge 0230 1.040 0.230 2560 [36-38]
3Ge 0250 0.830 0.240 2510 [36-38]

TABLE Il. The values ofV’zo, Rp and iw used in the EDWSP
model calculations for various heavy ion fusion reactions.

System  Vao(MeV) Rp(fm) hw(MeV) Reference
%0 +19Ge 35.17 9.76 3.40 [37]
00 +72Ge 35.00 9.81 3.20 [37]
2TAl+ 10Ge 55.48 10.06 3.88 [36]
27Al+ 2Ge 54.81 10.20 3.85 [36]
STCl+39Ge 68.74 10.66 3.74 [38]
STCl+ 32Ge 68.43 10.71 3.71 [38]

%tyandard Woods-Saxon potential. The enhanced attractive na

é/vhen compared with the experimental data. Such discrepan-

ies between the theoretical predictions and the sub-barrier
usion data can be correlated with the nuclear structure de-
grees of freedom of the colliding systems like inelastic sur-
fgce excitations. Quantitatively, one can overcome these de-
¥iations by including the influences of the dominant intrinsic
channels in the coupled channel calculations (see Fig. 3). Al-
ternatively, such discrepancies can be partially or fully over-
come by introducing the energy dependence in the nucleus-

gucleus potential in such a way that it becomes more attrac-

e in the domain of the Coulomb barrier as compared to the

ure of the energy dependent Woods-Saxon potential lowers
the fusion barrier and automatically predicts larger fusion ex-
citation functions at sub-barrier energies. In EDWSP model
based calculations, the reduction of the interaction barrier re-
sults in an adequate description of the observed fusion dy-
namics of the chosen reactions. Therefore, the barrier lower-
ing effect is the main ingredient of the EDWSP model which
in turn makes it an efficient theoretical tool to explore the
heavy ion fusion reactions.

The energy dependence in the Woods-Saxon potential
modifies the barrier characteristics of the interaction barrier
between the colliding systems which in turn results in a spec-
trum of the variable fusion barriers as shown in Fig. 2. The
spectrum of the energy dependent fusion barrier is shown
for the 10 + 79Ge, #7Al + 1Ge andiICl + 73Ge reactions
and the similar results are found for other projectile-target
combinations. At below barrier energies, the largest diffuse-
ness parameten (= 0.95fm for the °O + I3Ge reaction,

a = 0.96fm for the {°0O + IGe and}ICl + I3Ge reac-
tions) produces a lowest fusion barrier between the fusing
systems. At this diffuseness, the lowest fusion barrietfar
+79Ge system is 33.95 MeV (for thgAl + 19Ge reaction,

Rev. Mex. Fis62 (2016) 398-408
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FIGURE 1. The fusion excitation functions ¢fO + 53 "*Ge, {Al + 15" Ge andi7Cl + 1) "*Ge reactions obtained using the static Woods-
Saxon potential model and the energy dependent Woods-Saxon potential model (EDWSP model). The fusion crossrgéetigresé¢

obtained using the EDWSP model (solid green line) and static Woods-Saxon potential (dotted red line) along with the Wong'’s approximation.
The results are compared with the available experimental data taken from Ref. 36 to 38.

FB = 53.20 MeV and for$ICl + 19Ge reaction,FB =  parameter gets saturated to its lowest vatue=(0.85 fm) at
66.20 MeV). This fusion barrier is smaller than the Coulomb above barrier energies. At well above the barrier, the high-
barrier by an amount of 1.22 MeV fgfO + [9Ge system est fusion barrier for th¢®O + 73Ge system is 35.05 MeV
(2.28 Mev for the?7Al + 79Ge and 2.54 MeV for thgZCl  (for the 2ZAl + 13Ge reaction,F'B = 54.75 MeV and for
+ 10Ge systems) and hence the greater barrier modificatiorthe $2Cl + 73Ge reaction,F B = 68.15 MeV). This fusion
are required to address the observed fusion data of the chbarrier is still smaller than the corresponding value of the
sen reactions. The presence of such fusion barrier physicallgoulomb barrier as given in Table Il. Therefore, the ED-
accounts for the passage of the maximum flux from the inWSP model based calculation and the coupled channel calcu-
coming channel to fusion channel. lation reasonably explored the fusion dynamics of the chosen
At above barrier energies, the fusion cross-sections areeactions in quantitative as well as the qualitative way and
less sensitive towards nuclear structure as well as the chahenceforth, indicates that these theoretical methods produce
nel coupling effects and consequently saturate at above baanalogous modifications in the barrier characteristics (barrier
rier energies. This physical effect is properly modeled in theheight, barrier position, barrier curvature) of the interaction
present approach wherein the magnitude of the diffusenedasion barrier between the colliding systems.
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FIGURE 2. The fusion barrier (FB) for th§°O + 9Ge (Fig. 2a)#;Al + 13Ge (Fig. 2b) andZCl + J3Ge reactions (Fig. 2c) obtained using
the EDWSP model. The similar results are found for other fusing systems.
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32

Ge reactions obtained using the EDWSP model

405

in conjunction with one dimensional Wong formula and the coupled channel code CCFULL. The fusion cross-segfiorsg obtained
using the EDWSP model along with the Wong’s approximation are shown by solid green line and the fusion cross-sec¢tidnbtained

through the static Woods-Saxon potential in the code CCFULL are denoted by dotted black line and dashed red line. The results are compare

with the available experimental data taken from Ref. 36 to 38.

Morton et al. [50] suggested the weak influence of the tions of the target isotope play very crucial role in the en-
collective vibrations of th¢®O-isotope on fusion process but hancement of the sub-barrier fusion cross-section of the cho-
in the presence of strong channel coupling effects; it is verysen reactions with reference to the expectations of the one
difficult to signify the importance of such weaker couplings. dimensional barrier penetration model. In coupled channel
However, theGe-isotope lies in the region of weak coupling analysis, no coupling calculations, wherein the collision part-
and one can unambiguously identified the importance of thaers are taken as inert systems, quantitatively fail to account
collective vibrations oft°O-isotope on fusion process. In for the observed fusion enhancement particularly at below
Ge reaction, the projectile is doubly barrier energies. However, the above barrier fusion data is
magic nucleus and facilitates the couplings to low lying in-reasonably recovered by such coupling scheme. The addition
elastic surface excitations but due to high excitation energiesf the one phono8™ vibrational state of the target enhances
of collective surface vibrational states, it weakly contributesthe magnitude of the sub-barrier fusion excitation functions
to fusion process. In contrast, the inelastic surface excitabut unable to bring the required order of magnitude of the

the fusion ofl°0O +

70,72
32
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1000 aanAAdd tional states of the target along with their mutual couplings
] recovers the discrepancies between the theoretical calcula-
1 tions based on static Woods-Saxon potential along with one
100 dimensional Wong formula and the experimental fusion data
] .? as depicted from Fig. 3d. On the other hand, the energy
10 & — dependence in nucleus-nucleus potential lowers the fusion
2 ] : 15::,2:99 barrier between the colliding pairs and hence reasonably ad-
Gi 4 § Ty e, dresses the sub-barrier fusion enhancemeft@f+ 5o >Ge
13 ¥ v 7Al+"Ge reactions. This clearly suggested that the influences of the
t_" ¢ “cl+"Ge channel coupling effects can be properly accounted by intro-
] v > TCl+7Ge ducing the energy dependence in nucleus-nucleus potential.
. g = S e e 27Al isotope lies in the transition region between prolat
sor 0 + "Go % pe lies e transition region between prolate
] (34Mg) and oblate shapeg}Si) [36-38,50-51]. The mea-
0.01 ; ; ; : ; | surements on quadrupole moment and transition probability
08 09 10 1.1 12 13 14 15 (B(E2 1) support the oblate deformed shapé& pAl-isotope
En/Veo in its ground state [36-38,52-55]. Furthermore, several au-

FIGURE 4. The fusion excitation functions data §fO + 53 "*Ge,
AL+ 10 Ge andiTCl + 1) "> Ge reactions [36-38] has been com-

pared in reduced scale.

16 70

thors based on equivalent spheres model have shown that the
consideration of the oblate deformed shape for the projec-
tile (3ZAl) provides good fit to the fusion data in the whole
range of energy spread across the Coulomb barrier. In case
of 27Al + 19Ge reaction, the projectile is non-magic but due
to odd-A nature; it exhibits large number of low lying inelas-

tic surface excitations [36]. The couplings to these intrinsic
107 channels strongly alter the energy dependence of the fusion
cross-sections at below barrier energies. All these odd-spin
1.05 1 — states are added as quadrature, which produces dominant ef-
& / fects and hence entertained in coupled channel calculations.
==

The couplings to one phonont2or one phonon 3 vibra-
tional state of the target nucleus alone significantly enhances
the magnitude of sub-barrier fusion excitation functions with
respect to no coupling calculations but unable to recover the
required order of magnitude of the observed fusion enhance-
ment at sub-barrier energies. This suggested that more intrin-
VeoEen sic channels must be included in the coupled channel calcula-
tions. The inclusion of the odd-spin states as a quadrature in
projectile and one phonon2and 3~ vibrational states along
with their mutual couplings in target nucleus bring the ob-
sub-barrier fusion enhancement. This confirms the possiblgerved fusion enhancementidfl + 73Ge reaction as shown
influences of the more intrinsic channels. The couplings tdn Fig. 3b. The similar coupling scheme has been tested
one phonor2* and3~ vibrational states of the target along for the coupled channel analysisGfAl + 13Ge reaction and
with their mutual couplings considerably improve the theo-hence such calculations adequately explained the sub-barrier
retical results. However, the target degrees of freedom arkision enhancement of the chosen reaction as depicted in
not sufficient to properly explain the data and the additiond=ig. 3e. In contrast, within the context of the EDWSP model
of the projectile excitations are necessarily required to obtaifpased calculations, the modification of the barrier character-
the consistent fits with the experimental data. To overcoméstics (barrier position, barrier height, barrier curvature) re-
small discrepancies between theoretical predictions and th@uces the fusion barrier in closely similar way as done by the
below barrier fusion data, the projectile excitations have beeghannel coupling effects and hence accurately explained the
included in the coupled channel calculations. Therefore, théusion dynamics ofAl + 0""°Ge reactions.

couplings to one phono?™ vibrational state of the projec- The theoretical results of the fusion dynamics;bE! +

tile, one phonor2* and 3~ vibrational states of the target 45''°Ge reactions have the close resemblance to thZAlf
along with their mutual couplings quantitatively address thet gg’WGe reactions. In the fusion of reaction, the projectile is
observed fusion dynamics §fO + JGe reaction as shown magic but has moderate oblate deformed shape in its ground
in Fig. 3a. The similar coupling scheme has been used in thstate. However, due to odd-A nature; it facilitates the addi-
coupled channel analysis §fO + 72Ge reaction. In case of tion of the large number of collective vibrational states. The
$00 + 12Ge reaction, the inclusion of the one phonon vibra-couplings to these intrinsic channels strongly modify the en-
tional state of the projectile, one phonén and3~ vibra-  ergy dependence of the fusion cross-sections at below barrier

1.00

0.95

T T
0.80 0.85

FIGURE 5. The ratio of ¢ = omn/oexp as the function of
Veo/E..m. for 6 reactions listed in Table II.
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energies. All these odd-spin states are added as quadratuyat of 77 fusion data points deviation exceed 5% whereas
in coupled channel calculations [38] and hence significantly70 fusion data points lie within 5%. Therefore, the EDWSP
enhance the magnitude of the sub-barrier fusion excitatiomodel is able to account the fusion data at above barrier ener-
functions. In the fusion of?Cl + 73Ge reaction, the low lying  gies within 5% with a probability greater than 90%. It is well
vibrational states of the projectil§?Cl) produce dominant accepted that the channel coupling effects lead to the barrier
effects in enhancing the sub-barrier fusion excitation functiormodifications effects and replace the single Coulomb barrier
with respect to the predictions of the one dimensional barriemnto a distribution of barriers of different height and weight.
penetration model. The addition of the one phondnd  This barrier distribution is the mirror image of the type of
one phonon 3 vibrational state of the target nucleus alone coupling involved in the fusion enhancement at near and sub-
is insufficient to account the experimental data at sub-barrielbarrier energies. In the same analogy, the EDWSP model in-
energies. This demands the couplings to more intrinsic charduces barrier modification effects (barrier height, barrier po-
nels for the complete description of the fusion data. The insition, barrier curvature) as depicted in Fig. 2. Therefore,
clusion of the one phonont2and 3~ vibrational states intar- as a consequence of the barrier lowering effects, the EDWSP
get as well as odd-A spin states in projectile along with theirmodel predicts substantially large fusion enhancement at be-
mutual couplings reasonably reproduces the observed fusidow barrier energies and hence reasonably describe the ob-
enhancement of!Cl + 73"°Ge reaction in whole range of served fusion dynamics of the chosen reactions.

energy as shown in Fig. 3c. The similar coupling scheme has
been used for the coupled channel descriptioff61 + 3Ge
reaction wherein such calculations quantitatively recover thé1 '

rgquwe_d order of the sup-barner fgsmn enhancement as d%"he present work analyzed the role of collective excitations
picted in Fig. 3f. Interestingly, within the context of the ED- of the fusing systems on the fusion mechanismi%® +

WSP model ba_sed cal_culatlon_s, the barrier Iowermg eﬁeCtsg”Ge,%gAl + gg’mGe andICl + ;g’”Ge reactions. The
decreases the interaction barrier between the collision par&h

Conclusions

; L ) eoretical calculations of the fusion excitation functions are
ners in closely similar way as observed in the usual couple

o erformed using the static Woods-Saxon potential model and
channel apPrOaCC and;(}egce quant!tatlvely reproduce the flfﬁe EDWSP model along with Wong’s approximation and the
S|orl1 d?;narz'cs of7Cl + 32 G?tfa?thns. itation functi coupled channel calculations are performed using the code
dat n fll%b ;%Ot?%gpag?,zrf 707%£S|0nd%>§c2|a:%77ggc 'ON CCFULL. The theoretical predictions based on the static

ata olg™® + 35 ©€,13 sz ©€ andyy 52 =€ \Woods-Saxon potential along with Wong formula substan-
reactions is shown in reduced scale. The subtle differencg lly smaller than the experimental data. However, one can
n Lhi energy depgndencebof fusd|on i:rozs_—sictmn atf':ﬁar a @ercome such discrepancies by including the influences of
sub-barrier energies can be understood in terms ol € COpq yyclear structure degrees of freedom associated with the

lective surface vibrations of the target isotopes. The CouEjlliding nuclei such as inelastic surface excitations. On the

pling strengths_ an(_j the corresponding excitgtion ENeI9Y Obiher hand, the EDWSP model along with one dimensional
the octupole vibrational states of the target isotopes are ai; ong formula provides the complete description of the ob-
most same, however, the quadrupole vibrational states of th?erved fusion dynamics @O +70.7260 2771 + 1972Ge and

32 113 32

i B ; o o
heavier target’Ge) lies at lower excitation energy which in 8TCI + gg’7QGe reactions. In EDWSP model calculations, the

wrn Qisplays the dominant effect; relatiye o its quadrupolelenergy dependence in nucleus-nucleus potential introduces
cogpglngfs. fOn_e experc]:ts a strontgljélts)oioglcc; deper?encgﬂ?f tr{ﬁe barrier modification effects (barrier height, barrier posi-
sub-barrier usuén enmancemen_S 52'2€ IEACUONWIN 4 “harrier curvature) and consequently reduces the height
referlttan?e totLhé fO +.3QGe rteactlor:_'and also_exi)ec(;s Sf'm_'l‘fir of fusion barrier between the colliding systems. This kind of
results for other fusing systems. However, Instead of gving, ;e lowering effect increases the efficiency of the present

strong sub—ba_rrier fl.JSion enhancement, the chosen re_actiog,%del which in turn adequately explained the observed fu-
show a weak isotopic dependence of the observed fusion d>é"|on enhancement of the various heavy ion fusion reactions.

namics as shown ‘U Fig. 4. . . In addition, the EDWSP model is able to recover the above
The different kinds of channel coupling effects display barrier fusion data within 10% and hence, the present ap-

Lhew. S|gnature onhfclhe fusr:onhex.mt?tu?fn fttmrc]nons atl.sgéjl' roach reproduces the fusion cross-section data within 5%
arrier energies while such physical effects have negligiblg, .\, o probability greater than 90%.

influence on the above barrier fusion data. Therefore, the one
dimensional barrier penetration model should provide a good
description of the fusion data at above barrier energies. In thif\cknowledgments
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