Department: Physical Sciences

Books and Chapters published in edited volumes

Sl
No.

Documents Attached

E-copy of the Cover page, content page and first page of the
publications




E-copy of the Cover page, content page and first page of
the publications

| Effect of nuclear structure in fusion enhancement of
YO+12C reaction at sub-barrier energies

\ Manpreet Kaur!,*

Rupinder Kaur!?, Sarbjeet Kaur!
BirBikram Singh!, Maninder Kaur?,

and Varinderjit Smgh2

| ! Department of Physics, Sri Guru Granth Sahib Worlr:i Universily, Fatehgarh Sahib- 140406
% Department of Physical Sciences, I.K.G. Punjab Technical Universily, Kapurthala-144603 and
3 Department of Physics, Punjabi University, Patiala-147002

Introduction

In the recent times, due to availability of ra-
dioactive ion beam facilities the use of neutron
rich projectiles to probe the fusion dynamics is
a topic of immense interest [1]. The investiga-
tion of fusion excitation function for isotope
sagies of neutron rich nuclei provides unique
prospect. Because, using neutron rich pro-
jectiles the Coulomb potential changes a little
due to unchanged charge distribution. There-
fore, comparative analysis of fusion excitation
function for an isotopic chain facilitate to ex-
plore the role of attractive nuclear potential
with increasing neutron content. Moreover,
an enhancement in fusion cross-section is ob-
served using neutron rich nuclei compared to
[-gtable projectile [2]. It is best studied at
near and sub-barrier energies since at low en-
ergies the low f-waves are significant, which
underpin the role of attractive nuclear poten-
tial, are enhanced.

The fusion enhancement has been observed
in |mass asymmetric reaction 3C+23Th [3].
However, in the light mass region, the study
of fusion by employing the exotic projectiles
is relevant for astrophysical interest. Because
these neutron rich nuclei are estimated as
the possible cause of heating of neutron star
cn‘fst [4]. The experimental study of fusion
of '8190 projectiles with '2C target shows
fusion enhancement compared to use of sta-
bli 160 projectile [5, 6]. Recently, we have
investigated the dynamics of compound nu-
clei (CN) 230G;* at same E.nm, = 7/0 MeV,
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The evaluated fusion cross-sections o jusion,
within DCM, at same E.,,, = 7.0 MeV for
CN 288¢* and 398i*, show that LPs are hav-
ing major contribution in o ,ion- For com-
pound nucleus °Si*, 1n has highest part in
O fusion, Which tends to be responsible for ob-
served fusion enhancement in agreement with
experimental data [7]. Further, the use of ra-
dioactive 10 beam facilitate to study fusion
enhancement with exotic projectile. In the
present work, dynamics of 16181904 12¢ reac-
tions leading to formation of (CN) 28:30.31 g;*
have been analyzed, comparatively, at sub-
barrier energy within dynamical cluster decay
model (DCM) (7, 8] approach, to explore the
effects of neutron richness of projectile on the
reaction mechanism and to look for the under-
lying cause of fusion enhancement.

Methodology

The DCM is based on quantum mechani-
cal fragmentation theory and is worked out in
terms of collective coordinates of mass asym-
metry n = (Ap-Ap)/(Ar+Ap) and relative
separation (R) with effects of temperature, de-
formation and orientation duly incorporated
in it. In terms of these collective coordinates,
using the £- partial waves, the decay cross-
section is defined as

£
T o 2uEc m.
0'=k—2 E (2£+1)P()P,k= T (1)
=0

where £., the critical angular momentum, pen-
etrability P refers to R motion and is calcu-
lated using WKB approximation, preforma-
tion probability Py refers to n motion and is
given by sol. of stationary Schrodinger
SRR SN e
— e — + VR5(n, T I
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Introduction

nderstanding the mechanism of
neutron rich systems has importance not only
in 'the nuclear reactors and production of
heavy elements but also in the astrophysi-
cal| scenarios. Various experimental measure-
ments have suggested an enhancement of fu-
sion probability as compared to standard sta-
tistical model at near barrier energies for such
systems [1]. Various authors have also indi-
cated the presence of strong isotopic depen-
dence of the fusion cross sections near the bar-
rier. These studies have established the im-
portance of interplay between nuclear struc-
tural and reaction dynamical aspects present
in these many-body systems. The enhance-
ment of fusion cross sections observed through
these isotopic chains of nuclear reactions is be-
ing| considered as one of the best methods to
understand the character of neutron rich mat-
ter. The existence of these experimental stud-
ies motivates to investigates the dynamical as-
pects associated with the fusion reactions of
the| neutron rich nuclei. The present work in-
vestigate the fusion dynamics involved in the
isotopic chain of reactions (3%:40:41.47 i 128 ;)
to explore the effect of neutron number on fu-
sion enhancement at near barrier energies.

Methodology

'he Dynamical cluster decay model (DCM)
[2] of Gupta and collaborators is worked out
in terms of collective co-ordinates of mass
(and charge) asymmetries. In terms of above
said co-ordinates, for £-partial waves, the com-
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*Electronic address: roopisaini87@gmail.com

ion of

40{"K+"8i > “As" > A +A, K8 5 AT 5 A A,
; @i ®)

L 1wy ng u g1 g
1

-20 W
-40 H —m— {=0h ”H —a— f=0h
i ey masni JhL et ~d6n

6041 i In *Li
T=233 MeV € T= 2.38'{ MeVI

K812 PAS 2 A AL KIS A AA,
o @ @
‘14 Ifs

' My b i

20

=

 V(MeV)

-40 —a— [=0h

s AL

—a— {=0h
—— = 530

T=241MeVE? U o257 mMev |
B 10- % 0 10 0 %0 40
Fragment Mass A,

FIG. 1: The fragmentation potential V(MeV) as
a function of fragment mass number (A3), calcu-
lated for two extreme £ -values, for the compound
systems 87:68.69.75 5* at E.,n= 36.8 MeV

pound nucleus decay cross-section is given by

tmo.z
o= :—2 Y @+1)RP; k=
=0

2puLc.m.
h2

(1)
Where, p = [A; — Aa/(A1 + A2)]m, is the
reduced mass, with m as the nucleon mass
and £,,47 is the maximum angular momentum.
Where P is the barrier penetration probabil-
ity and Py is the preformation probability at
a fixed R on the decay path. The P, are eval-
uated by solving stationary Schradinger wave
equation and P calculated as the WKB tunnel-
ing probability. The structure information i
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Introduction |
| Light charged particle evap‘oralion
sdectra from the compound nucleus, pol)ulalcd
at moderate excitation energy (~ 100 ‘MeV),
allows us to test the application of staitistica]
model for the decay of the compound nilclcus.
The basic parameters of nuclear proberties
such as yrast line, level density, emission
barriers and angular momentum distribution
parameters, are modified by the deformation of
highly excited and rapidly rotating nuclei. This
leads to dynamical hindrance to fusion. [1, 2]
| We present here of analysis for decay
of the compound nucleus “Zn. It was
poq;uiated at same excitation energy E*| ~ 70
Me‘V, through an asymmetric channel "60 +
“Ti (Ewp = 76 MeV) and symmetric cﬁmnel
Cl + YAl (Eib = 125 MeV). The inclusive
alpLa spectra and neutrons are comparej with
the predictions of conventional statistical
mo(‘iel calculations (CASCADE). | The
limltations of this description for the ca.L»c of

syﬂmetric reaction are also explained. |

Experimental details

The experiment was performed with
15UD Pelletron at IUAC, New Delhi, India
using the General Purpose Scattering Chamber
(GPSC). A **Ti foil and an Al foil each of
about 1.0 mg/cm? thickness were used as
targets. Light charged particle spectra were
recorded using two AE-E telescopes. These
spectra were taken at 30°, 36°, 42°, 48° and 54°
for both the systems. While the neutrons were
detected using the liquid scintillator cells of
BC501 at laboratory angles 8 = 30¢, 60°, 90°

and 120 with respect to the beam direction.

The neutron detectors were placed at a distance
of 1 m from the target.
Analysis and Discussions

The experimental analysis was carried
out using CANDLE software, and the
theoretical results were obtained using the
statistical model code CASCADE. In the
CASCADE code, the spin dependent energy is
parameterized as
tHezd -
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IL’xtroduction |

| The study of the complex phenomena ob-
served in sub-barrier energies through fusion
of isotopic chain of reactions is toﬁic of in-
terest in nuclear physics. A number of au-
thors have theoretically investigated the sub-
barrier fusion phenomena using diffedent mod-
els to explain fusion enhancement and fusion
hindrance phenomenon [1]. Sinceagynamics
of fusing nuclei play a key role in the fu-
sil)n mechanism, it will be interesting to study
the fusion enhancement/hindrance f#)r lower-
mass nuclei using the dynamical cluster decay
model (DCM) [2] to get a better insight of the

fusion process. ;Jo

ufWith this motivation, fusion of 28498i+12C
papulating 1©42Ca* [3] with Z=20 shell clo-
S:Ie and neutron number gradually moving
away from N = 20 neutron shell closure has
ban investigated within DCM at |energies
above and below Coulomb barrier. The cross-
sections for 3°Si+12C are reproduced using
neck length parameter (AR) at the different
enirgies. The empirically fitted values of AR
are used to predict the fusion cross-sections
at |similar centre of mass energies E.,, for
28Gi+12C. The predicted fusion cross-section
values are in good agreement with the experi-
mental measurements. Also, the fusijn Cross-
sections has been predicted for energies far be-
low the barrier. The hindrance phenomenon
observed at sub barrier energies 3OSH-‘HC has
been addressed through barrier lowering pa-
rameter which is the in-built property of the
moFel. ‘

| |
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FIG. 1: The fragmentation potential V (MeV') as
a function of fragment mass number Aj, calcu-
lated for two extreme f-values, for the CN *°Ca*
and 4?Ca* at E.m. = 9.5 MeV and AR = -0.7
fm, for deformed fragmentation paths.

Methodology

The DCM [2] of Gupta and collaborators is
worked out in terms of collective co-ordinates
of mass (and charge) asymmetries. In terms
of above said co-ordinates, for {-partial waves,
the compound nucleus decay cross-section is
given by

ﬂ Imn: 2,LE
0=13 Y @+1)RP; k=, o
=0

(1)
Where, u = [Al - Ag/(A] + Ag)]m, is the
reduced mass, with m as the nucleon mass
and £,z is the maximum angular momentum.
Where P is the barrier penetration probabil-
ity and Py is the preformation probability at
a fixed R on the decay path. The F, are eval-
uated by solving stationary Schrédinger wave
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Abstract. The fusion-fission dynamic process has been stimulating the interests of nuclear physicists from several years
and stf]l understanding the dynamics of fusion-fission process is an active field of research. A number of attempts have
been made in the past few decades to estimate the strength of nuclear dissipation in fusion-fission dynamics. Various probes
are used to carry out these measurements such as neutron multiplicity, charged particles multiplicity, evaporation residue
cross-section etc. In the present work the effect of entrance channel has been studied in reactions '*C + *™Pb and '"F +
197Au populating same compound nucleus Z'GRﬁ using statistical model (SM) VECSTAT by simultaneously explainin
both ngufron multiplicities and fission\evaporation residue cross-sections by separately tal%(mg in account the reduce
dissipation coefficient sensitive from equilibrium to saddle (Bgs) and saddle to scission (Bss) regime. The work shows that
smaller Bgs values are required to explain ﬁssionuvaporation residue (ER) cross-sections and larger fBss values are required
to explain neutron multiplicities and for consistent SM analysis fission\evaporation residue cross-sections are more
appropriale tools to investigate entrance channel Fffccts rather than neutron multiplicities.

| I#TRODUCTION

The presence of dissipation phenomenon as predicted by Kramers [1] is now very well established at both experimental
and theoretical fronts. It has been established that there exists certain temperature above which dissipation effects
come in to picture. In the recent years various experimental and theoretical work have shown the need of dissipation
strength in fusion-fission reactions at high excitation energies. From theoretical point of view different models have
been developed based on multidimensional Langevin equations etc. [2] which have invoked dissipation to study
fission. Itecem]y, Banerjee et. al. [3] have st(:vm that dissipative fission hindrance is required to explain the
experimental values of both pre-scission neutron multiplicities and evaporation residue cross-sections within statistical
model results. Experimentally, the quest of the huclear dissipation and effect of temperature, shell closure, entrance
channel mass asymmetry on it has been observed by estimating the dissipation strength/fission time delays using
various probes. One of the important effects that effect the fusion-fission dynamics is entrance channel mass
asymmetry. Several pre-scission neutron mu]tip{icity M. measurements have been reported in the literature [4, 5]
populating the same CN depending on the entrance channel mass asymmetry (a) relative to the Businaro-Gallone
(BG) critical mass asymmetry (asg) [6]. These s}udies have shown sensitivity of pre-scission neutron multiplicity to
entrance cEannel dynamics involving quasi-ﬁsrion contribution. The difference observed in the My, values is
attributed to the spin distribution and large delay associated during the formation of the CN.

| |
In the present work the effect of entrance chanrgl has been studied in reactions '2C + 2*Pb and 'F + 'Au [5, 7]

populating same compound nucleus ?'°Ra using statistical model VECSTAT by simultaneously explaining both
|
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| Abstract. Measurement of the fusion excitation function for '*O + '2C and 'O + '2C is described. The fusion

cross-section is extracted through the direct measurement of evaporation residues resulting from the fusion
| process. At near barrier energies, the singTe additional neutron present in '°O results in an enhancement in the
| fusion cross-section by a factor of over three as compared to '*0.

| i | TTTT T ™r ™rT
1 IntroFuctlon T et s asen i b
| f = SaoPaulo
ar - 3
Measurink the fusion excitation function for an isotopic : X ¥

chain of projectile nuclei presents an unique opportunity to gask - e oy
examine the character of neutron-rich matter. For a given e — "0 "o
element, with increasing neutron number the neutron den- ©

sity distribution usually extends further out while the pro-
ton distribution remains largely unaffected. Hence, the
repulsive foulomb potential is largely unchanged while
the attractive nuclear potential changes. As fusion at near

Lo saalasg

barrier energies is sensitive to the interplay between the E.m. (MeV)
repulsive Coulomb and attractive nuclear potentials, the
comparison of the fusion excitation function for isotopi- Figure 2. Relative cross-section for Oxygen isotopes using a

cally related projectiles provides a sensitive probe of the simple barrier penetration model with the RMF density distribu-

change in the attractive nuclear potential. This change in  tions.

the attractive potential can be related to changes in both the

structure and dynamics of the neutron density dist{ibution

as the number of neutrons increases. | Presented in Fig. 1 are the neutron density distribu-
l tions for oxygen isotopes calculated within the context of

e ,',wm;n_ F“;F ' ‘ a relativistic mean field theory [1, 2]. As expected, with

o
o
T

| increasing neutron number the tail of the density distribu-

o
(=3
@®

|

e | tion extends further out. It is perhaps surprising however

£ o008 that the tail of the neutron density distribution for 220 is so

IZ 0.04 | close to that of the drip-line nucleus 2*O. This observation
g )

‘ is particularly noteworthy as beams of 2>' O are presently
available at GANIL and a beam of >20 is anticipated in the
near future. In this paper, we describe the first step towards

o
o
va'v

‘ SN ,%fm)‘ s \ the systematic measurement of the fusion excitation func-
| | tions of the oxygen isotopes namely fusion in '*0+'>C and
190y, 12
Figure 1. Neutron-density distribution of oxygen isotopes calcu- 0+C. i ] .
lated within a relativistic mean field theory (RMF). An extended neutron distribution could impact fusion

| | both through its static spatial extent as well as through

‘ ‘ its dynamics (e.g. polarization effects). The influence of

the static contribution can be estimated by using a one-

* e-mail: desouza@indiana.cdu l dimensional barrier penetration modghsuch as the Sao-
\ \
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Paulo model [3]. For the density distribution§ presented
in Fig. 1, we have calculated the relative fusion cross-
sections for several oxygen isotopes and present the results
in Fig. i Evident in the figure is the fact that at ?ll energies
as the neutron-richness increases the fusion cross-section
increas¢s. At energies well above the barrier!(E., ~ 8
MeV) this enhancement is relatively constant 1md can be
considered geometric. Near and below the barrier how-
ever, the enhancement increases rapidly with decreasing
incident energy. In this energy domain the enhancement
reflects the increased importance of the nuclear potential
due to the neutron-skin. It should be emphasized that as
this is a purely static calculation, the inclusioq of fusion
dynamiés could result in an enhancement larger than that
depicted in Fig. 2. |

In oiger to measure the fusion excitation fupction for
80 + 12C and "0 + >C two separate experiments were
performed at the John D. Fox accelerator laboratory at
Florida %Lalc University. In the initial experiment we mea-
sured the fusion excitation function for '*0 + 12C, extend-
ing the measured cross-section down to the sub 1/mb level,
a factor of 30 lower than previously measured. Having es-
tablished the technique, we subsequently measured the fu-
sion excilation function for '*O + '2C. The experimental
details oq both measurements are summarized bepow.

\
2.1 Exp?rimemal setup |

2 The 180 + 12C experiment

The experimental setup for this experiment consisted of
two ExB microchannel plate detectors and two annular
silicon thectors as depicted in Fig. 3. The beam first
passes through a ExB microchannel plate detector, des-
ignated WCPUS, situated approximately 1.3m upstream of
the target |position. For each ion traversing this |detector
a fast timing signal is generated. The beam subsequently
encounters a second ExB microchannel plate detector, des-
ignated MCPrgr. The 100 pg/em? thick carbon foil of
MCPrqy i dual function. Not only does it serve as a sec-
ondary emission for the detector, but it also serves as the
target for the experiment. The coincidence of these two
ExB MCP detectors with the appropriate time-of-flight
provided the incident beam count. The typical intensity

of the '0 beam incident on the target was ~2x107 ions/s.
\ \

2.2 Measuring the fusion products |

Fusion of a 180 nucleus in the beam together witL e
nucleus in [the target foil results in the productioh of an
excited *Si nucleus. For collisions near the Coulomb bar-
rier the exJilation of the fusion product is relatively mod-
est, E* ~ 35 MeV. De-excitation of this fusion product by
evaporation of a few neutrons, protons, and a particles re-
sults in an 1vapnralion residue (ER). Statistical model cal-
culations [4] indicate that for a °Si compound nucleus,
the nuclei 2Si, 288, 28Al, 27Al, and Mg account for the
bulk of thc‘ERs. Emission of the light particles deflects
the ER from the beam direction allowing their detection

and identification in two annular silicon detectors, des-
ignated T2 and T3, that are situated downstream of the
MCPrgr. These detectors subtend the angular range 3.5°
< Oy < 25° allowing detection of the majority of the ERs
produced [5]. By measuring the time-of-flight of particles
between the MCPrgt detector and the silicon detectors [6]
together with the energy deposit in the Si detector, evap-
oration residues are distinguished from scattered beam, as
well as emitted light particles. By utilizing the measured
energy deposit and time-of-flight, the mass of the ion can
be calculated providing clear separation of ERs from the
incident beam [7].

2.3 Fusion excitation function for '*0 + '’C

The fusion cross-section is extracted by summing the to-
tal number of evaporation residues observed. Comparison
of this yield with the number of incident '*O ions while
accounting for the target thickness and the geometric ef-
ficiency of the experimental setup yields the absolute fu-
sion cross-section [7]. The measured excitation function
is displayed in Fig. 4a together with previously published
results [9-11]. Vertical error bars on the new data reflect
both the statistical uncertainties as well as a 2% system-
atic error associated with the analysis. Horizontal error
bars represent the uncertainty in whether the fusion oc-
curs at the front or back of the target foil. While prior
measurements using the direct measurement of evapora-
tion residues only measured the fusion cross-section down
to the 25 mb level [9], in this work the fusion cross-section
is measured down to the 820 ub level, a factor of ap-
proximately 30 lower in cross-section. In the energy re-
gion where the present data overlaps with published data,
overall agreement of the cross-sections is good, close to
the statistical uncertainties. This overall agreement indi-
cates both that our approach in extracting the fusion cross-
section is sound and that there are no significant uncer-
tainties in the values of the target thickness or detector ef-
ficiency. Closer comparison of the present dataset with
the data of Ref. [9] indicates that the presently measured
cross-sections are approximately 3-5% lower for E.,, =
10 MeV. This is within the statistical uncertainties of the
data reported by Eyal et al. In addition, the present data
are higher in their statistical quality.

We have compared the experimental fusion excita-
tion function with the predictions of a microscopic model.
Over the past several years, the density constrained TDHF
(DC-TDHF) method for calculating heavy-ion poten-
tials [12] has been employed to calculate heavy-ion fusion
cross-sections with remarkable success [13, 14]. While
most applications have been for systems involving heavy
nuclei, recently the theory was used to study above and
below barrier fusion cross-sections for lighter systems,
specifically for reactions involving various isotopes of
0+0 and O+C [15, 16]. One general characteristic of
TDHF and DC-TDHEF calculations for light systems is that
the fusion cross-section at energies well above the barrier
are usually overestimated [17, 18], whereas an-g
agreement is found for sub-barrier cross-sg
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Figure 3. Experimental setup utilized to directly rneasnrre the evaporation residues and extract the fusion cross-section
|

Comparison of the experimental fusion excitation
function with the DC-TDHF microscopic model is pre-
sented in\%ig. 4a. Overall comparison of the experimen-
tal cross-sections with the DC-TDHF calculalionﬂ;dicate
that for energies 27 MeV the experimental cross-sections
(symbols) are lower than the theoretical predictions (solid
line). In order to facilitate a quantitative comparison of the
experimental excitation function with the theoretical pre-
dictions, we have fit the experimental cross-sections with
a functional form [19] that describes the penetration of an
inverted parabolic barrier. The values of the fit parTmeters
are presented in Table 1.

| Rz‘ 2 |
J:Ehw-[n{l+exp[gz(5—vc)]} | (1

where E is the incident energy, V¢ is the barrier height, Re
is the radius of interaction, and fiw is the barrier curvature.

Shown in Fig. 4b is the ratio of the fit of the Txpen-
mentally measured cross-sections to the DC-TDHF calcu-
lations. For energies 7.5 MeV < E., < 14 MeV, the ratio
O Experiment/Opc-Tour 18 & 0.75 and is relatively constant
with respect to energy. As the incident energy decreases
below 7.5 MeV, the ratio increases reaching a value of
over 10 at the lowest energy measured, E. , = 5 MeV. The
fact that the ratio is only ~ 0.75 at energies above the bar-
rier can be understood as due to the presence of breakup
reactions in this energy range. With decreasing it:tidem
energy, the role of breakup reactions diminshes hence the
ability of the DC-TDHF model to describe fusion js ex-
pected to improve. We therefore focus our attention on
the comparison of the model and experiment in the sub-
barrier region. The key feature in the ratio is therefore its
change with decreasing incident energy in the sub-bflrrier
domain, speéiﬁcally its increase from a value smaller than
unity to a value larger than unity. This trend emphasizes
that the experimental and theoretical excitation functions
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Figure 4. Comparison of the measured cross-section for
80+ '2C with the predictions of the DC-TDHF model.

have different shapes with the experimental cross-section
falling more slowly with decreasing incident energy than
is theoretically predicted by the DC-TDHF model. This
enhancement of the experimental fusion cross-sections rel-
ative to the DC-TDHF predictions is a factor of ~10 as the
incident energy decreases from E.,,, = 7 MeV to E.,, =
5 MeV. We have assessed the impact of the experimental
uncertainties on the ratio presented and display the result
as a shaded band in Fig. 4b. The trends exhibited by the
ratio are significantly larger than the magnitude of the un-
certainties.

The fact that the experimental fusion cross-sections
decrease more slowly with decreasing energy tha

culated cross-sections can-‘!ﬁ')'t.f’{nterpreted as
, :
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neling probability for the experimental data as compared
to the theoretical calculations. This enhanced tunneling
probability can be associated with a narrower, lower bar-
rier. The underlying reason that the barrier determined
from the experimental data is weaker than in the model
is presently unclear.

| |

3 The 0 + '2C experiment |
3.1 Prtlpducin and Chararacterizing a '°0 |beam

A beam!of "0 ions at an energy of 80.7 MeV was used
to bombard a deuterium gas cell at a pressure of 350 torr
to produce the 'O beam. To increase the gas density, the
gas cell was cooled to a temperature of 77 K. Ions of 20
produced via a (d,p) reaction were separated from the in-
cident beam by the electromagnetic spectrometer RESO-
LUT [20]. Despite the rejection of most of the unreacted
beam bﬁ RESOLUT, the beam exiting the spectrometer
consislej of both 1?0 and '#0 ions. It was therefore neces-
sary to identify each ion incident on the target. ]J)y accom-
plishing this it was possible to simultancously me¢asure the
fusion excitation function for '*0 + '2C and 70 + 2C
which provided an important consistency check. Compar-
ison of the '®0 + '2C with the prior high statistics measure-
ment of 1*0 + '2C demonstrated that there were no sys-
tematic differences between the two measurements. This
dual measurement thus provided confidence that any ob-
served fusion enhancement was a robust signal.

|
3 Exp?rlmental setup ‘

Although| the experimental setup for the '*O beam was
largely thl: same as in the prior experiment, a fewf changes
were made to handle the radioactive beam. In ‘order to
identify beam particles, the energy deposit (AE) and time-
of-flight (TOF) of each particle was measured prior to
the target. After exiting RESOLUT particles traversed a
thin foil (0.5 gm thick aluminized mylar) which served
as the electron emission foil for an MCP detector. Ap-
proximately 3.5 m downstream of this thin foil the oxygen
ions passed through a compact ionization detector (CID)
depositing an energy, AE. CID served two roles: to help
identify lT ion as well as to reduce its energy. ile the
production of '?O is favored at higher energies, the mea-
surement of the fusion cross-section at near barrier ener-
gies requiis reducing the energy of the radioacm ion af-
ter its production. To perform the excitation functipn mea-
surement, the energy of the incident beam was decreased
by adjustirfg the gas pressure in CID. Upon exiting CID
the ions were incident on a 105 ug/cm? carbon foil. This
carbon foi}, as in the prior experiment, served bspth as a
secondary electron emission foil for the target microchan-
nel plate detector (MCPrgr) and as the target for the fusion
experiment [8]. To measure the energy distribution of 50
and "0 ions incident on the target, a surface barrier, sili-
con detector was periodically inserted into the beam path
just prior to the target. ‘

The timing signals from both microchannel plate de-
tectors together with the energy deposit in the jonization

chamber allowed identification of ions in the beam through
measurement of the AE-TOF. Ions of '*07*, 807, and
808 are clearly identified with '°0 ions corresponding
to approximately 31 % of the beam intensity. The two
charge states of '*0 contributed to approximately 50 % of
the beam intensity on target. The intensity of the '?0 beam
incident on the target was 1.5 - 4 x 10 ions/s.

6 8 10 12 14 16 18
Ecm. (MeV)

-

Figure 5. Comparison of the measured cross-section for *O +
2C and 0 + '2C. The cross-sections for the '*O reaction have
been scaled by a factor of two for clarity.

3.3 Fusion excitation function for 1?0 + '*C

The same general trend is observed for both of the exci-
tation functions depicted in Fig. 5a. With decreasing inci-
dent energy the cross-section decreases as expected for a
barrier controlled process. At essentially all energies mea-
sured the 'O data exhibits a larger fusion cross-section as
compared to the *0 data.

Table 1. Fit parameters for the *O + '2C fusion excitation
functions. See text for details.

Ve (MeV) Rc (fm) hw (MeV)
80 +12C | 7.66 £ 0.10 | 7.39 £ 0.11 | 2.90 + 0.18
B0 4+12C | 773+ 0.72 | 8.10 £ 047 | 6.38 + 1.00

To quantitatively examine the differences in the two
excitation functions we have fit the excitation functions
with the Wong formalism of penetration of an inverted
parabolic barrier [19]. The fit of the high resolution '*O
data is indicated as the solid black line in Fig. 5a. The
solid red curve in Fig. 5a depicts the fit of the 'O data.
A reasonable fit of the measured fusion cross-sections is

achieved in both casf§™The, papameters for the
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'80 and 'O reactions are summarized in Table 1. Since
the charge density distribution is essentially unchanged, it
is unsurprising that the barrier height, Ve, remains essen-
tially the same for both of the reactions examined. More-
over, as expected with increasing neutron number an in-
crease in Re is observed. This increase in the radius can
be viewed by calculating the quantity Rc/A'/? where A is
the mass number of the compound nucleus. This quan-
tity has a value of 2.38 for the 0 induced reaction, while
it is 2.58 for the '?0 induced reaction. The most signifi-
cant chdnge in the fit parameters is a substantiI:l increase
in the magnitude of #iw for the '°O case corresponding to
a narrc:]/er barrier, reflecting an increase in the attractive
nuclear rotential. |

Depicted in Fig. 5b as the solid (red) line is the de-
pendence of the measured ratio of o (**0)/o( m%) onEp.
At energFies well above the barrier o-(**0)/o(*¥0) is es-
sentially flat at a value of ~ 1.2. As one approaches the
barrier it rapidly increases to a value of approximately 3.5.
Hence, the addition of a single additional neutron in '*O
as compared to '®O results in a dramatic enhancement in
the fusion cross-section at sub-barrier energies. |

4 Suﬁmary |

We have measured the fusion excitation functiorls for 180
e ar?i %0 + '2C using low intensity beams. Com-
parison of these excitation functions indicates alngniﬁcam
enhancement at near barrier energies for the neutron-rich
projectile. The addition of a single neutron increases the
fusion cross-section by more than a factor of three at the
lowest energy measured. This enhancement may reflect
the increased role of neutron transfer or coupling to col-
lective degrees of freedom. These measurements repre-
sent the first step in the measurement of the fusion ex-
citation function for an isotopic chain of oxygen nuclei.
Acquiriné a systematic, high quality dataset of this type,
coupled with microscopic calculations of the fusion pro-
cess has considerable promise in elucidating the j‘lature of
neutron-rir:h nuclear matter.
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Probing shell effects in the reaction dynamics of low energy

\ heavy ion collisions populating different isotopes of Rn
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#[ntroduction
Heavy ion fusion reactions around Coulomb
Earrier are a rich source of information about
roperties of compound nuclei (CN) and have
een a topic of extensive experiméntal and
iheoretical research. The CN resulting from
hese reactions are sensitive towards the en-
trance channels aspects such as equilibration
iin energy, mass, angular momentum and nu-
lear structure, etc. For the shell correction
anergies, which are the microscopid compo-
nent of fission barrier, there is a great surmise
that shell closure at Z=82 and N=126 favors
survival probability of CN against fission [1].
‘lIowever, recent experimental studies have in-
icated the absence of extra stability of shell
closed nucleus [2]. In the present study, an
attempt has been made to understqnd such
aﬁpects using CN 210:212,214,216 pn*| formed
in the low energy reactions 16:180194.198 py
around the Coulomb barrier. This study has
been made within the quantum mechanical
fragmentation theory (QMFT)-based Dynam-
icl:rl cluster-decay model (DCM) [3] in which
the CN decays into light particles (LPs), inter-
mediate mass fragments (IMFS), heavy mass
fragments, near-symmetric and symmetric fis-
sion (nSF, SF). Quite interestingly, all of these
decay modes are treated on the same|footing
as dynamical collective mass motion of pre-
formed fragments through the potent%al bar-
rier. |
t is relevant to mention here that collec-
tive mass motion of the fragments is quantified
in|terms of the preformation probability Py

7% N \
|

*Electronic address: birbikramninghﬂsggswvdu. in

4 Depratment of Physicar Panjab University, Chandigarh-160014, India.

which carries the important information about
the nuclear structure of the decaying nucleus.
Subsequently, penetration probability P of the
outgoing fragments across the potential bar-
rier is calculated. These two significant quan-
tities Py and P are then used to calculate the
cross section for particular decay channel.

In the present work, we intend to see the
effects of neutron shell closure in compound
nucleus 22 Rn* (N = 126) and its neighbour-
ing isotopes 217214216 pp*  having N = 124,
128, 130, respectively, on their decay. The
calculations for the fragmentation potential
and Py have been made for the decay of CN
PEREEGLN0 By ot =40 MeV. In DCM,
the neck length parameter AR is the only free
parameter of DCM, which is fitted to calculate
LPs or evaporation residues (ER) cross section
ogr and fusion-fission (FF) cross section opp
in decay of CN under study, for which the ex-
perimental data is available [1, 4].

Methodology

The DCM (3], worked out in terms of collec-
tive co-ordinates of mass (and charge) asym-
metries, for {-partial waves, gives the com-
pound nucleus decay cross-section as

2I~"Er:.m.
k=

(1)
where, 1 = [A1A2/(A1 + A)]m is the reduced
mass, with m as the nucleon mass and £,,,4,
is the maximum angular momentum. P is
penetrability of interaction barrier (of the pre-
formed clusters with preformation probability
Py), calculated as the WKB tunneling proba-
bility, around the Coulomb barrier.

lmazx

m™
o = ﬁ Z(2t+ 1)PQP,

=0
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Falculatlons and Discussions
Fig 1 (a-d) presents the calculated
Py

of fragments in the decay of CN
110.212,214.21612“- at Egy=19 MeV f.nd, ¢ =

h and respective £,,,,-values. Interestingly,
these calculations reveal that among the FF
glagments, most significant minimaTexist for

e fragment(s) 868786 (' and its complimen-
Ery fragment(s) 241251289y having proton

ell closure Z = 50, respectively, in the decay
of CN 210.212.2M B * having highest P for the

F fragments, partlcularly at the £,,q-values.

lease note that for 6 Kr neutron shell clo-
sure is N = 50. It is important to point out
htre that for these nuclear systems Fhe neu-
tron shell closure for the compound nucleus
212Rn* is N = 126 and, its neighbouring iso-
t{)pes 210,214 Bn* are having N = 124 and 128,
respectively, i.e., closer to the N = 126 shell
closure. However, in the case of compound
nucleus 26 Rn* N = 130 which is awr:y from
the N = 126 shell closure and results in neigh-

borhood of deformed magic Z = 38, highly
preformed fragments 34 Se and its complimen-
tary heavy fragment '*2Te which is also next
to magic number Z = 50.

Moreover, the P, value for the LPs (A<4)
for the CN 210,212.214,216 pn* s in competition
with the FF fragments at the respective £,42-
values. These preliminary results are quite
motivating to study the complete comparative
dynamics of CN 210,212,214,216 pp+
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Introduction \

| The study of the heavy ion reactions give
immense information about nuclear structure
nd the reaction dynamics.The de}ormation
and the orientation effects of the participating
uclei play an important role in the reaction
Erocess. Thus, a relevant difference in the nu-
¢lear structure may lead to significant change
in the sub-barrier fusion excitation functions
1]. It has been observed that fusion cross sec-
tion, ¢rys also depends on the N/Z ratio in
the sub-barrier region [1]. |

Keeping in view such observations we in-
tLend to explore dynamics of compound nuclei
(CN) 1%Cd* and '*Sn* formed via **Ti" in-
luced reactions in sub barrier region with in
the dynamical cluster decay model (DCM) [2].
% work in the same mass region has been car-
ried out previously [3], within DCM, and it
is observed that there is negligible contribu-
tion from the intermediate mass fragments,
IﬁFs to the o, and the light particles, LPs
(A<4) have larger contribution in the same.
Ij is relevant to mention here that the miss-
ing structure information in statistical models
is|included in the DCM through preformation
probability (£p). The available experimental
dlta [1] has been fitted by the only parameter
oﬂ DCM, i.e. neck length AR, for both the
spherical as well as oriented considerations. It
is important to note here that one of decaying
compound nucleus is magic i.e. '"®§n* has
proton shell closure, Z = 50. In the present
work, we try to investigate effect of leell clo-
sure in the reaction dynamics alongwith the

¥ ‘
|
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| |
\ \
| |

G. Punjab Technical University, Kapurthala-144603, India.

N/Z dependence in sub-barrier regime (having
studied the decay of CN 195Cd* and 1965n*
with N/Z = 1.2 and 1.1, respectively), within
the model calculations.

Methodology

The DCM |2, 3] of Gupta and collabrators is
worked out in terms of collective co-ordinates
of mass (and charge) asymmetries. In terms
of above said co-ordinates, for {-partial waves,
the compound nucleus decay cross-section is

given by
l

T o— {20 m.

8= =l E (2l +1)PyP; k= ﬁ;m

(1)
Where, pu = [A; — A2/(A1 + A2)]lm, is the re-
duced mass, with m as the nucleon mass and
€mar is the maximum angular momentum. P
is the barrier penetration probability and P,
is the preformation probability at a fixed R on
the decay path. The structure information in
P, enters through the fragmentation potential
Vr(n, Bxi, 0;, T) for hot and compact orienta-
tions, which is calculated as,
2
Vr(n,Bxi, 0:.T) = > _[Viom(Ai, Zi, T)] +
i=1

T2
T2 ) . VC’(Ra Zi’ﬂ/\iygivT)
0

2
Z[JU;] exp(

+VP(Rr Ai: ﬁn\i' giaT) o Vf(Rn A(, ﬁkisgi:T)
(2)

Here Vppar and 0U are, respectively, the lig-
uid drop and shell correction energies, V., Vp
and V; are the Coulomb, proximity and angu-
lar momentum dependent potentials.
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TABLE I: The DCM calculated ous of CN '°®Cd" and '°®Sn*, formed in the reactions *3Ti+%*Fe and
“sTi-!-ssNi, and their comparison with the experimental data [1].

| Lo (B AR (fm)  ofSM (mb) of2P" (mb)

| Reaction N/Z Eem (MeV) T(MeV) (Sph.) (Def) (Sph) (Def) Sph. Def.
AW 58 106 g+ p :

4T-l+5aF‘?_’1ost 1.2 T2.0 2.070 72 70 1314 1.305 34.8 35.0 34.8+6.58
! “Ti+>*Ni—="""8n* 1.1 80.0 ‘ 2.075 68 67 1.170 1.366 57.0 57.2 57.2+2.95

40 3 C
i Ti + *'Fe —¥Ca"—~A + A, | “Ti + "Ni—¥sn" - A +A
(a) (b
204 t
‘ 0
| e e, =720Mev Nz =12 [B,. = 80.0MeV NZ =11
© .20 T;;‘. 484 McV, T=2.070MeV  [Epy= 48.6 MeV, T=2.075MeV
| e
>
| 60 : : 3
—o—f=0h  —D—t=0h
\ 809 & —e—¢_=mn (=00 —®—(_=68h —m—(_=67h
AR=1314fm AR=1305fm[ AR=1170fm AR=1366 fm
| -100 :

0 10 20 30 40 50 600 10 20 30 40 S0 60

ragment Mass A,

li‘lG. 1: The variation of fragmentation potential V (MeV) with fragment mass A, for the decay of CN
1FGC«'d‘ and '°°Sn* at E5y ~ 48MeV fq;r £ =0 and the respective £,,,--values.

alculations and Discussioqs

Fig.1 shows the variation of fragmentation
potential with fragment mass A; for the de-
cay of CN (a) '%Cd* and (b) °6Sn* at two
extreme {-values. It is noticed that at ¢ = 0,
the light particles (LPs) are more dominant
whereas with the increase in ¢-values the fis-
sion fragments starts competing with LPs for
spherical as well as deformed configuration for
the decay of both the CN under study. The
fission fragments in the decay of both|the CN
show little prominence in comparison to the
LPs at fmap-value. They are minimized lit-
tle more in comparison to the LPs (appar-
ently, this behaviour is explicit for mofe num-
ber of fission fragments in case of compound
njcleus 106 6 *), particularly for the spherical
considerations, whereas for the choice of ori-
em]ed nuclei LPs regains prominence at both
the extreme f-values. The potential energy
sufface (PES) are nearly same for bJJth the
co({xsiderations for the decay of CN %Cd* and
068n*. However, for the magic compound
syTtem '%8n* the change in the PES is quite
evident at the £,,q.-value. It is motivating to

investigate the preliminary result to further
explore the fact that whether this change in
PES is attributed to the magicity of the com-
pound system or the N/Z ratio.

Table I presents the preliminary results of
the DCM calculated o y,s and their compari-
son with the experimental data [1]. The calcu-
lated o5 for both the reactions are in good
comparison with the experimental data, for
both the spherical as well as oriented config-
urations of the nuclei. Here, we observe that
the oy, is enhanced for the neutron deficient
magic compound nucelus i.e. '"Sn* having
N/Z = 1.1. Work is in progress.
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~Introduction

' Current interest in nuclear physics research is the
| synthesis of super heavy elements (SHE).
| Attempts to achieve the theoretical | predicted
(island of stability are in progress. The
theoretically predicted stability of SHE is due to
|the presence of shell closure in these nuclei.
‘Different theoretical models predict different
(numbers for the next neutron and proton shell
‘closure after 126 and 82, respectively. The
‘understanding about the effect of existing shell
|closure on fusion dynamics is necessary to
achieve the next shell closure which will
contribute to the production of SHE and will
provide an important insight into  the
determination of an island of stability |

The effect of shell closure on fusion
dynamics has been investigated by several
authors using different probes. It has been very
well established that pre-scission | neutron
multiplicity can act as a neutron clock to
evaluate the time scales of the fusion-fission
process. The delay in the fusion-fission process,
if any, and its variation with the shell closure can
provide information about the importance of
shell closure on fusion dynamics. Further the
simultaneous analysis of the cxpcrlmcntal
Evaporation Residue (ER) cross-sections and
neutron multiplicity in the same framework will
provide a consistent picture of fusion dynamics.
In the present work, we present the simultaneous
analysis of neutron multiplicity and ER cross-
sections to understand the effect of shell|closure
on fusion dynamics for '"F+'%*Pt -) N7Er
(N 130) and '°F+'**Pt - 23Fr (N= ]26)

Theoretical Calculations

| The experimental neutron multiplicity and
ER cross-sections have been obtained from the
work of Singh et al. [1-2]. The theoretical data

has been analyzed using the statistical model
based code Joanne2 [3]. In this code, the pre-
saddle particle decay widths and fission widths
are calculated using rotating finite range model
(RFRM), the deformation and rotational energies
using Liquid drop model (LDM) and particle
binding energies and transmission coefficients
are obtained using optical model potential.

Results

The experimental ER cross-sections for
both the systems were fitted by varying the value
of scaling factor for the fission barrier, ks It was
observed that the ER cross-sections for both the
systems were reasonably fitted by using k¢=1.17
in the calculations. Figure 1 shows the
comparison of experimental cross-sections (solid
points) and theoretical cross-sections (lines). The
pre-scission neutron multiplicity was fitted by
varying the delay time (both transient time (ty)
and saddle to scission time (Ts)) and using k¢
=1.17. The errors in the delay time is estimated
using the errors in the experimental results. It has
been observed that theoretical neutron
multiplicity depends on the total delay (= 7, +
Tssc) and is insensitive to the distribution of the
delays. Figure 2 shows the variation of the total
time delay required to fit the neutron multiplicity
as a function of excitation energy for *'’Fr (solid
line) and 2“Fr (dotted line). Evidently the
statistical model calculations under-predicted the
experimental neutron multiplicities for all
excitation energies except the lowest two
excitation energies for 2*Fr (shell closed
compound nucleus (CN)). So, the total delay
time was varied to explain the experimental
neutron multiplicity. It is observed that the
excitation energy dependent delay is required to
explain the experimental results for both the CN.
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Fig. 1 Comparison of experimental ER cross- Fig. 2 Comparison of total time delay required to

'sections (*7Fr (solid squares) and *Fr (solid
‘circles)) and theoretical calculations (’1;Fr (solid
‘Iinc) and 2PFr (dotted line)) at k= 1.17 for both
|the systems. |

‘Conclusions ‘

|The comparison of the fission delay fm1 both the
system under consideration indicates that the
delay is less for shell closed CN in comparison
to the non-shell closed CN. The difference in the
Eclay time is maximum at lowest gxcitation
nergy studied and delay time for both systems
Epproaches each other as one moves from low to
igh excitation energy. This observation may be
attribute to the washing out of the effect of shell
closure with increase in the excitation energy.
Iso, this observation indicates that the shell
losure does not provide any extra stability to
N against the fission delay, which was
predicted by theoretical models. This| present
work is also consistent our earlier obﬁervation

[2].
1 |

fit the pre-scission neutron multiplicities *'"Fr
(Solid squares and solid line) and 213Fr (Solid
circle and dotted line).
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" Introduction
|

|
For understanding the reaction
| mechanism of heavy compound nucleus (CN),
| the study of evaporation residue (ER) cross-
| section plays a vital role. For heavier systems,
thc probability of formation of CN is strongly
influenced by the properties of the di-nuclear
|system at contact configuration, ' where
‘entrance channel plays a major role in reaction
|dynamics [1]. Nuclear structure of the
coihdmg nuclei also plays a key role, which
influence the fusion probability. In some of
|the recent studies the dependence of the fusion
reaction on the nuclear shell structure of
projectile and target nuclei was also
investigated and the importance of N = 82 in
the heavy ion fusion reaction was proposed. It
was reported that shell closure of one of the
interacting nuclei can lead to the enhanced ER
cross-section and helps in the synthesis of
heavy nuclei [2). Keeping these points in
mind, a systematic measurement of ER cross-
sections for 48Tj + 140.142Ce, 1248p systems was
rformed [3]. Here, *°Ce target is neutron
shell closed (N1=82) but 2Ce have 84
neutrons. By comparing the ER cross- -sections
of these systems, the effect of neutron shell
closure on fusion probability can be
examined. The ER excitation function for
third system (“*Ti + '2'Sn) was also measured
at few energy points to estimate| the
transmission efficiency of the spectrometer.

Ef‘xperimental Set-up I‘

The experiment was carried out in
HYbrid Recoil mass Analyzer (HYRA) [4] by
using 15 UD Pelletron + LINAC accelerator
facility at IUAC, New Delhi. ER cross-section

fFasurements were taken using pulsed beam
Ti with 4ps separation at laboratory
rgles ranging from 205 to 257 MeV
(mcludmg energy loss from 1.lmg/cm? Ni
window foil, carbon backing and |half

Available online at www. sym :

thickness of target). Thin isotopically enriched
targets '“%142Ce of thickness 212ug/cm® and
225pg/em?, with a thick carbon backing of
24pg/cm? and 18.8pug/cm? respectively and for
calibration purpose, target '**Sn  with
thickness of 162pg/cm® were used in the
experiment. Elastically scattered **Ti ions
were detected by two silicon surface barrier
detectors placed at £24° w.r.t. beam direction.
For all beam energies, helium gas pressure in
HYRA was set to 0.30 Torr. HYRA magnetic
field settings were calculated using a
simulation program TERS [5]. The ERs were
separated from other contaminants using
HYRA spectrometer and were detected by a
position sensitive multi-wire proportional
counter (MWPC) of dimensions 6 inch X 2
inch placed at the focal plane of the
spectrometer. A time of flight (TOF) spectrum
was generated using anode of MWPC as start
and RF of beam as stop. The logical OR
signal of two monitor detectors and MWPC
anode was the master strobe for data
acquisition system.
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Fig. 1(a) 2D TOF vs. cathode spectrum and
(b) 1D cathode spectrum of MWPC at 257
MeV beam energy.

A two dimensional plot was
generated by using TOF and energy loss (AE)
signal of MWPC for “*Ti + '“2Ce system at
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beam energy of 257 MeV, which separates the
ERs from beam background is shown in Fig.
L \

Analysis |

The formula to calculate E
section is given by

Cross-

_ Yield(Mon)
Yield(ER}

d |
. (ﬁ) . QMun .;,

NHYRA

‘ |
' where, Yield(ER) is the ER yield at the focal

plane, Yield(Mon) is the average quld from
both monitor detectors (left and right), (—) is

 the differential Rutherford scattering cross-
section, Qmon is the solid angle subtended by
the monitor detectors and nuyra |is the
| efficiency of HYRA. The ER yield was
obtained from two-dimensional plot of TOF
' and energy loss, and yield of monitor
detectors from the one-dimensional single
' spectrum using CANDLE software.

Experimentally extracted normalized
'ER cross-sections (in arbitrary unitsb W.I.t.
| laboratory energy, Eip in MeV for the two
|systems are shown in Fig2. In this
preliminary analysis, the efficiency of gas
filled separator is assumed to be same for both
the systems.

| |
Results

The preliminary relative ER cross-
section measured for both the systems around
land below barrier energies are found| to be
almost same within error bars. At above
barrier energies, the cross-sections for [**Ti +
149Ce was few orders of magnitude larger than
E.J‘mse for the reaction “Ti + '“Ce. At the

ighest energy, the measured cross sections
or “Ti+'*2Ce is found to be larger as
compared to *Ti+%°Ce. This difference in
two energies is not very clear from this
preliminary analysis. Though “°Ce target is
shell close (N1=82) one may expect a
difference in ER cross sections for these two
systems. The present result indicates that the
fusion of massive nuclei depends on the shell
structure of colliding partners. In one of the
recent fission mass distributions

measurements [1], less Quasi-fission was
observed for shell closed nuclei. More such
measurements are necessary to disentangle the
QF and shell effect. Furthermore, it would be
of considerable interest to populate the same
CN with different entrance channel mass
asymmetries to explore the possible role of
entrance channel on fusion probability. Using
HYRA spectrometer, we plan to extend such
experiments on ER cross-section
measurements for “Ti + 136.140.192Ce and 328 +
1%6Gd systems. A detail analysis of the results
will be presented.
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Fig. 2 Preliminary normalized ER cross-
sections for (a) **Ti + '*°Ce and (b) “*Ti +
142Ce systems.
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| |
Introduction

Understanding the mechanism of fl{sion of
neutron rich systems has importance not only
in the nuclear reactors and producgon of
heavy elements but also in the astrophysi-
cal scenarios. Various experimental measure-
ments have suggested an enhancement of fu-
sion probability as compared to standard sta-
tistical model at near barrier energies f?r such
systems [1]. Various authors have also indi-
catef the presence of strong isotopic depen-
dence of the fusion cross sections near the bar-
rier. These studies have established the im-
portance of interplay between nuclear struc-
tural and reaction dynamical aspects [:Eesent
in these many-body systems. The enhance-
ment of fusion cross sections observed through
these isotopic chains of nuclear reactions is be-
ing considered as one of the best methods to
understand the character of neutron rich mat-
ter. The existence of these experimental stud-
ies motivates to investigates the dynamical as-
pects associated with the fusion reactions of
the neutron rich nuclei. The present work in-
vestigate the fusion dynamics involved in the
isotopic chain of reactions (39404147 i 4.28 G7)
to explore the effect of neutron number on fu-
sion enhancement at near barrier energies.

\ \
Methodology

The Dynamical cluster decay model (IJ:')CM)
[2] of Gupta and collaborators is worked out
in teL‘ms of collective co-ordinates of mass
(and charge) asymmetries. In terms of above
said co-ordinates, for £-partial waves, the com-

‘ElecLLonic address: roopisaini87@gmail.com
1 \
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FIG. 1: The fragmentation potential V(MeV) as
a function of fragment mass number (Az), calcu-
lated for two extreme £ -values, for the compound
systems 87:68:69.75 As* at E...= 36.8 MeV

pound nucleus decay cross-section is given by

! F.
T o= 20l
o‘=k—2-Z(2!+l)P0P; k:,/—h;—"‘

1=0

(1)
Where, p = [A; — Aa/(A1 + Az)]m, is the
reduced mass, with m as the nucleon mass
and £y, 4z is the maximum angular momentum.
Where P is the barrier penetration probabil-
ity and Py is the preformation probability at
a fixed R on the decay path. The P, are eval-
uated by solving stationary Schrddinger wave
equation and P calculated as the WKB tunnel-
ing probability.The structure informationin
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TABLE I: The experimental and DCM calculated oy, of CN 57686975 gs* at different values of Ee ..

T Fus
ReLction Eias(MeV) Ec_m_(MleV) Egcy(MeV) T (MeV) £maz(h) AR (fm) DCM Expt
|
39ﬂ +285i— 57 As* 88.05 36.8 38.15 2.33 45 1.075 . 9.0 7.7+1.27
‘ 80.6 o SR . | - 2.351 44 1.15 21.35 21.3+3.96
94.27 39.4 40.68 2.406 43 1.3 131.5 127.0+12.4
| 101.69 T e I 2493 . 43 1.375  257.1 265.0+31.6
4050 138Gy 8 Ag* 80 37 36.8 . 40.67 2487 46 e T 1 B
95.92 39.5 | 43.37 9483 AT 13 1l -
| 103.21 42.5 46.37 2.5444 47 LATh 2638 -
41K‘+“Si—+ 69 As* 90.68 36.8 | 42.85 2.431 46 1.075 1S
| 97.33 39.5 | 45.56 2.504 47 1.3 14812 -
104.73 42.5 48.55 2.58 47 1575 2840 =
\ \
i g Tis* O 57 36.8 52.64 2.574 53 1.075  40.0 34.0+5.63
| 100.44 37.5 I 588 2.591 51 1.15 66.22 63.6+12.1
105.80 39.5 55.33 2638 50 1.3 213.6 177.0+29.4
114.10 42.6 58.44 2.708 = B0 1.375  361.9 327.0+35.6

Py eJ)ters through the fragmentation potential
V(n,/R) as shown in Fig. 1 [2]. \

Calculations And Discussions

The calculations have been performed
within the DCM for an isotopic chain of
reactions 3904147 K 428 i with quadruple
deformed nuclei having compact configura-
tions.The experimental fusion cross-sec)tions,
OFus for 394TK +28 §; reactions have been
reprohuccd using neck length pa.rmnet,elJ AR,
the only free parameter of DCM. The DCM
calcuf;ted OFus for both 3947TK 428 i reac-
tions give a good agreement with the exper-
imental cross-sections for same value of AR
having same center-of-mass energies (Ec.m.),
as summarized in the Table I. In view of
this, ctp,,, for 40:41 i 1 28 §; reactions, at same
Ec.m.‘, have been predicted using these AR
values.

It is observed that the opys increases for
the reactions induced by the more and more
neutrcilc-rich isotope of K. The increase in the
fusion| cross-sections at energies well above
barrier may be attributed to the increase in
the size of compound nucleus whereas the in-

crease in the cross sections near barrier may
be due to the dynamics involved in the fu-
sion. The enhancement in oy, is more as
one move from %°K to *° K as compared to the
movement from “°K to ' K. This can be ex-
plained by considering number of neutrons in
K isotopes. While going from * K to K one
moves from a nucleus with paired neutron to
an unpaired neutron nucleus whereas for the
case of K to 'K the transition is from un-
paired to paired neutron nucleus. Hence, one
can conclude that the presence of an unpaired
neutron results in a larger fusion enhancement
as compared to paired neutron. This work
motivate planning of experiments to validate
these observations.
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Introduction

Light charged particle evaporation
spectra from the compound nucleus, populated
allmoderate excitation energy (~ 100 !McV),
alllows us to test the application of statistical
model for the decay of the compound nucleus.
The basic parameters of nuclear properties
such as yrast line, level density, emission
barriers and angular momentum distribution
parameters, are modified by the deformation of
highly excited and rapidly rotating nuc:h:ilT This
leag%ls to dynamical hindrance to fusion. [1, 2]

We present here of analysis for decay
of /the compound nucleus *Zn. It| was
populated at same excitation energy E* ~ 70
MeV, through an asymmetric channel %0 +
“Tj (Ew» = 76 MeV) and symmetric channel
Cl + PAl (Ew» = 125 MeV). The inclusive
alph;a spectra and neutrons are compared ‘Iwith
the predictions of conventional statistical
model calculations (CASCADE). The
limitations of this description for the case of

symmetric reaction are also explained.

Experimental details

The experiment was performed with
15UD Pelletron at IUAC, New Delhi, India
using the General Purpose Scattering Chamber
(GPSC). A **Ti foil and an %Al foil each of
about 1.0 mg/cm? thickness were used as
targets. Light charged particle spectra were
recorded using two AE-E telescopes. These
spectra were taken at 30°, 36°, 42°, 48° and 54°
for both the systems. While the neutrons were
detected using the liquid scintillator cells of
BC501 at laboratory angles 6 = 30°, 60¢, 90-
and 120° with respect to the beam direction.
The neutron detectors were placed at a distance
of 1 m from the target.
Analysis and Discussions

The experimental analysis was carried
out using CANDLE software, and the
theoretical results were obtained using the
statistical model code CASCADE. In the
CASCADE code, the spin dependent energy is

parameterized as




R21(1+1)
2Jo(148,12+831%)

) =
where 8, and 8, are deformation parameters, /,
is rigid body moment of inertia and I is the spin.

The inclusive experimental spectra are
well reproduced by CASCADE calculations. A
typical comparison of alpha spectrum at 36° is
shown in Fig. 1. For fitting the spectra, the spin
dependent level density with Ei values
generated with the increased values of 81 and
62 are introduced as it is observed that slope

becomes softer as we increase & and 82,
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ng. 1 Comparison of the incl‘usive
experimental a-particle spectrum at 36° with
CASCADE for (a) the asymmetric system
'%0+*Ti (upper panel) with §,=0.41 x 10™*
and $,=0.43 x 10”7 and (b) the symmetric
system Y'CI+*Al (lower panel) |with
8:=0.15 x 1073 and 8=0.14 x 10~% s
found to fit.

The inclusive a-particle spectra frorn
the symmetnc ICI+P Al system fit perfectly
with the theoretical calculations when we
consider / = Ilmax = 32h (calculated ﬁsing
HICOL), as shown in in Fig. 1 (b). 8,=0.15 x
107® and 8,=0.14 x 10~ %are used here a'long
with HICOL / value. In case of symmetric

systems, we need to increase 8; and 8; to get

the fit while in the case of asymmetric system
fit is easily obtained with default values only.
All this suggests that symmetrical system
severely hinders the fusion process. The fusion
of lower partial waves is delayed progressively
and the fusion of higher partial waves (> 32h)

is completely inhibited.
Le+06

Fig. 2 Comparison of the neutron spectra at
120° for (a) the asymmetric system 'O+*Ti
(upper panel) and (b) the symmetric system
3CI+¥7Al (lower panel); with CASCADE

calculations.

The neutron spectra are shown in Fig.
2, for asymmetric (upper panel) as well as
symmetric (lower panel) case. In both the
cases, it is seen that spectra are softer than the
statistical model predictions. Unusually high
value of level density parameter has to be used
(a = A/4) to get the fit. This suggests a very
low nuclear temperatures for neutron
evaporation (as, T = \/—E% i
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Introduction

: |

Fusion-fission process is full of surprises
since its discovery. A number of attempts have
been made to determine the fission barrier,
shell effects and magnitude of nuclear dissi-
qation. The understanding of these effects is
a key for the production of super heavy el-
ements and achieve the theoretical predicted
island of stability. Recently a number of au-
thors have attempted to estimate the magni-
tude of nuclear dissipation using neutron mul-
tiplicity, charge particle multiplicities, GDR
multiplicity, fission cross-sections and evapo-
ration residue (ER) cross-sections as a probe.
In our previous studies aiming to explore the
effect of shell closure on fission dynamics and
estimating the magnitude of nuclear dissipa-
tion by measuring neutron multiplicities and
ER cross-sections for 9F + 194.196.198py¢ 1]
, it was observed that nuclear dissipations is
lower for shell closed system in comparison to
the non-shell closed systems. However Lissipar
tion is necessary to explain the experimental
neutron multiplicities whereas lowering in the
fission barrier (i.e no dissipation) is required
to reproduce ER cross-sections. Hence a con-
sistent picture about the magnitude of nuclear

diﬁsipations is still missing. |

The fission cross-sections for °F + lgT"“"’PI;
\

[ |
*Electronic address: Mangat_phy@yahoo.co.in
| |
| |

at near barrier energies have already been
measured by Mahata et al. [2]. Our group
has measured the fission cross-sections for *F
+ 194.198p¢ at higher beam energies and same
are measured for F + 1%6Pt at energy range
from near to well above the barrier. Also
the statistical model has been modified to in-
clude the collective enhancement of level den-
sity (CELD), orientation effect and shell cor-
rected level density and fission barrier [4]. The
present work contains the re-analysis of the
experimental data with the latest statistical
model to paint a consistent picture about role
of nuclear dissipation in fission dynamics.

Experimental set-up

Experimental fission cross-section has been
obtained by measuring the fission angular
distribution for energy range from 90.5 to
118.7 MeV. The measurements were carried
out using General Purpose Scattering cham-
ber (GPSC) using °F beam from Pelletron
accelerator. The details of the experimental
setup and data analysis are discussed in [3].

Statistical model calculations

The experimentally measured fission and
ER cross-sections have been used to get the
fusion cross-sections. Fusion cross-sections are
fitted using coupled channel calculations to
obtain the spin distribution which has been
used as an ingredient for statistical model
calculations. The statistical model has been
modified to include the effect of collective en-
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FIG. 1: Experimental fission cross-sections (solid

square) along with the statistical model predicted

cross-section for different By (lines). |
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FIG. 2: Experimental neutron multiplicities (solid
square) along with the statistical model prediction
for different G,s (lines) with B4 as used to repro-
du?e fission cross-sections. ‘

[ |
hancement in level density, orientation effects

and shell effect in various parameters such as

fission barrier, level density, nuclear masses

etc [4]. Nuclear dissipation in pre and post

sacidle regime is considered separately. Ex-

perimental fission cross-sections has been re-
‘ \

produce using pre-saddle nuclear dissipations
(Bgs) as free parameter. Fig. 1 shows the
experimental fission cross-sections along with
the statistical model prediction for different
values of 84,. Experimental neutron multiplic-
ity has been explained using 3, obtained from
fission cross-sections along post-saddle nuclear
dissipations (8ss) shown in Fig. 2.

Conclusions

It has been observed that a small pre-saddle
dissipation is 1 x 10%! sec™! for 2%Fr (shell
closed compound nucleus (CN)) is neces-
sary to explain the fission/ER cross-sections,
whereas the same for 2!7Fr is 3 x 10?! sec™?.
The lowering of dissipation for 2'*Fr may be
correlated to shell effect on dissipation. On
the other side post-saddle dissipation as high
as 15 x 10%! sec™! is not sufficient to repro-
duce the neutron multiplicity data. The in-
ability of reproducing the experimental data
may be attributed to dynamical effects asso-
ciated with fusion-fission process. Also the
magnitude of pre and post saddle dissipations
indicates that nuclear dissipation depend on
deformation. The magnitude of dissipation is
small when CN is near the equilibrium and
it increases as the nucleus become more and
more deformed. Also from Fig. 2, it is ob-
served that the deviation of experimental data
from statistical model predictions is minimum
for 2'3Fr whereas maximum for 2"Fr. These
observations may be due to the effect of shell
closure on nuclear dissipations which may re-
sult in the lowering of dissipation, which is
consistent with results obtained from cross-
section measurements.
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Introduction

In the recent times, due to availab{lity of ra-
dioactive ion beam facilities the use af neutron
rich projectiles to probe the fusion dynamics is
a topic of immense interest [1]. The investiga-
tion of fusion excitation function for isotope
series of neutron rich nuclei provides unique
prospect. Because, using neutron rich pro-
jectiles the Coulomb potential changes a little
due to unchanged charge distribution. There-
fore, comparative analysis of fusion excitation
function for an isotopic chain facilitate to ex-
plore the role of attractive nuclear I‘Eotentia.l
with increasing neutron content. Moreover,
an enhancement in fusion cross-section is ob-
served using neutron rich nuclei compared to
(-stable projectile [2]. It is best studied at
near and sub-barrier energies since at low en-
ergies the low {-waves are significant, which
underpin the role of attractive nuclear poten-
tial, are enhanced.

The fusion enhancement has been observed
in mass asymmetric reaction 3C+*2Th [3)].
However, in the light mass region, the study
of fusion by employing the exotic projectiles
is relevant for astrophysical interest. Because
these neutron rich nuclei are estimated as
the possible cause of heating of neutron star
crust [4]. The experimental study of fusion
of %190 projectiles with '2C target shows
fusion enhancement compared to use of sta-
ble '°0 projectile [5, 6]. Recently, we have
investigated the dynamics of compound nu-
clei (CN) 28:308i* at same E.., = 7.0 MeV.

|
*Electronic address: manpreetphys@gmail.com
TElectronic address: birbikram. singhOgnail.com

The evaluated fusion cross-sections o fysion,
within DCM, at same E.,, = 7.0 MeV for
CN 2887* and *"Si*, show that LPs are hav-
ing major contribution in ofygion. For com-
pound nucleus *°Si*, 1n has highest part in
O fusion, Which tends to be responsible for ob-
served fusion enhancement in agreement with
experimental data [7]. Further, the use of ra-
dioactive O beam facilitate to study fusion
enhancement with exotic projectile. In the
present work, dynamics of 16:18190412C reac-
tions leading to formation of (CN) 28:40:31 4=
have been analyzed, comparatively, at sub-
barrier energy within dynamical cluster decay
model (DCM) (7, 8] approach, to explore the
effects of neutron richness of projectile on the
reaction mechanism and to look for the under-
lying cause of fusion enhancement.

Methodology

The DCM is based on quantum mechani-
cal fragmentation theory and is worked out in
terms of collective coordinates of mass asym-
metry n = (Ar-Ap)/(Ar+Ap) and relative
separation (R) with effects of temperature, de-
formation and orientation duly incorporated
in it. In terms of these collective coordinates,
using the £- partial waves, the decay cross-
section is defined as

r & v T g

o= F,Z;(QH DRP; k= /=== (1)

where £., the critical angular momentum, pen-

etrability P refers to R motion and is calcu-

lated using WKB approximation, preforma-

tion probability Py refers to n motion and is
given by sol. of stationary Schrodinger
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FIG. 1: Fragmentation potential V (MeV) for the
decay of Sa,d)“S:" (b,e)**Si* at Ec.m. = 7.0 MeV
and (c,f) 16i* at Ec.m. = 7.4 MeV at £ = Oh (left
panel) and their respective £, values (righk: panel).
\

= E"¢"(n) | (2
The minimized fragmentation potential (Vr(n
,T) in eq.2) is the sum of temperature depen-
dent Coulomb, proximity, centrifugal poten-
tial along with temperature dependent liquid
drop energies and shell effects. For a fixed £y,
the potential values for all possible mass (A)
combinations corresponding to a given charge
(Z) is minimized in mass coordinate (n) and
gives the most probable/minimized potential.

i & . |
Calculations and Discussion

Fig. 1 presents the collective potential en-
ergy surface in fragmentation of CN 2%30-31 53
at, £ = 0 h (left panel) and the respective
critical angular momentum values, £ (right
panel). It is clear from Fig. 1(ab,) that
light particles (LPs) are minimized at lower
¢-value. However, at higher £ values i.e.I ok L5y

the characteristic of LPs emission shows dras-
tic change with increasing N/Z ratio of com-
pound nuclei. In the decay of " Si* compound
nucleus, ®Be, 12C, %0, Ne (na-clusters)
are energetically favorable (Fig. 1(d)), similar
to what is encapsulated in Ikeda diagram at
threshold decay energy of E* = 23.9 MeV [9].
While for compound nucleus 3°8i* in addition
to na-clusters, *4C, 22 Ne (xn-xa clusters; x is
an integer) are also preferentially minimized
(Fig.1(e)). On the other hand, it is inter-
esting to note that in case of compound nu-
cleus 3! S7*, the LPs are neutron rich which are
in strong competition with neighboring xn-xa
clusters at £, value (Fig.1(f)). It will be in-
teresting to look for the role of nuclear struc-
ture via preformation probability P of differ-
ent clusters in these reactions, which plays an
imperative role in calculation of fusion cross-
sections. Furthermore, the calculations of
O fusion for compound nucleus *'Si* at dif-
ferent excitation energies are in progress, to
further investigate the phenomenon of fusion
enhancement.
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‘Abstract Submitted
for the APR18 Meeting of
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Probing the fusion of neutron-rich nuclei with reaccelerated
radioactive beams! JUSTIN VADAS, VARINDERJIT SINGH, BLAKE WIG-
GINS, JACOB HUSTON, SYLVIE HUDAN, ROMUALDO DESOUZA, ZIDU LIN,
CHARLES HOROWITZ, Indiana Univ - Bloomington, ABDOU CHBIHI, DIETER
ACKERMANN, GANIL, MICHAEL FAMIANO, Western Michigan University,
KYLE BROWN, Michigan State University — Fusion in neutron-rich environments
is presently a topic of considerable interest. For example, the optical emission spec-
trum from the neutron star mérgér GRB170817A clearly establishes this neutron-rich
environment as an important nucleosynthetic site. A good approach to understand
how fusion proceeds in neutron-rich nuclei is to measure the fusion excitation func-
tion for an isotopic chain of nuclei. Reaccelerated radioactive beam facilities provide
the opportunity to systematically address this question. Using the ReA3 facility at
NSCL, a 28Si target was bombarded with beams of 3%4"K at near-barrier energies,
36 < Ecm. < 43 MeV. The low intensity of the radioactive K beam (2-4 x 10*
ions/s) necessitated the development of an efficient experimental technique. Inci-
dent ions were identified on a particle-by-particle basis by AE-TOF just upstream
of the target. Fusion products were directly measured and identified by the E-TOF
technique with an efficiency of ~70%. The measured fusion excitation functions will
be presented, and compared with coupled channels calculations.
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Introduction

The study of the complex phenomena ob-
served in sub-barrier energies through fusion
of isotopic chain of reactions is to]Eic of in-
terest in nuclear physics. A number of au-
thors have theoretically investigated the sub-
barrier fusion phenomena using different mod-
els to explain fusion enhancement and fusion
hindrance phenomenon [1]. Since dynamics
of fusing nuclei play a key role in the fu-
sion mechanism, it will be interesting to study
the fusion enhancement/hindrance for lower-
mass nuclei using the dynamical cluster decay
model (DCM) [2] to get a better insight of the
fusion process.

With this motivation, fusion of 28"J"Si+ 3G
populating 1%42Ca* [3] with Z=20 shell clo-
sure and neutron number gradually moving
away from N = 20 neutron shell closure has
been investigated within DCM at |energies
above and below Coulomb barrier. The cross-
sections for *°Si+!?C are reproduced using
neck length parameter (AR) at the different
energies. The empirically fitted values of AR
are used to predict the fusion cross-sections
at similar centre of mass energies E_m for
8Si+12C. The predicted fusion cross-section
values are in good agreement with the experi-
mental measurements. Also, the fusion cross-
sections has been predicted for energieﬁfar be-
low the barrier. The hindrance phenomenon
observed at sub barrier energies **Si+'C has
been addressed through barrier lowering pa-
rameter which is the in-built property of the
model.
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FIG. 1: The fragmentation potential V(MeV) as
a function of fragment mass number Az, calcu-
lated for two extreme {-values, for the CN “°Ca*
and “?Ce* at E.m. = 9.5 MeV and AR = -0.7
fm, for deformed fragmentation paths.

Methodology

The DCM [2] of Gupta and collaborators is
worked out in terms of collective co-ordinates
of mass (and charge) asymmetries. In terms
of above said co-ordinates, for £-partial waves,
the compound nucleus decay cross-section is
given by

!
o ean 2.“E :
o= E (2l + 1) Ry P; = \/ h;m
i=0

(1)
Where, u = [A; — Az2/(A; + A2)]m, is the
reduced mass, with m as the nucleon mass
and £q¢ is the maximum angular momentum.
Where P is the barrier penetration probabil-
ity and P, is the preformation probability at
a fixed R on the decay path. The P, are eval-
uated by solving stationary Schrédinger wave
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equation and P calculated as the WKB tun-
neling probability. The structure information
in P, enters through the fragmentation poten-
tial V(n, R) as given in Fig. 1. ‘

Calculations and Discussions

The analysis of heavy ion induced fusion
reactions across coulomb barrier Llas been
performed within the DCM for 28308i4+12C
reactions populating compound nuclei (CN)
40.420q* | respectively. To understand the pos-
sible structure of the decaying CN #0:42Cq*
formed in the 2:398j4+12C reaction, fragmen-
tation potential has been calculated |for vari-
ous fragments/clusters formed inside the CN.
The calculated fragmentation potentials have
been plotted with respect to fragrnént mass
in the decay of 4*2Ca* at similar E, ., as
shown in Fig. 1(a and b) which describes
the fragmentation for the extreme values of
angular momentum values. At ¢ —‘Oh the
contribution of the LPs or ERs(evaporation
residues) is more prominent than the inter-
mediate mass fragments and symmetric fission
fragments, which otherwise start appearing at
higher £ values. The tunneling of these ener-
getically favored fragments through 111he bar-
rier is determined through the scattering po-
tential and penetration probability of these
fragments. The barrier modification | (AVpg)
values, which is difference between the top of
the barrier Vg and actual potential Vg, used
for penetration is plotted as a function of E, .
is plotted for the dominant decay channel at
highest value of angular momenta, shpwn in
Fig. 2(a). It can be noticed that thel lower-
ing of barrier increases as E, ., decreases for
both the compound systems, which signifies
the lower cross-sections at lower energy val-
ues. It also indicates that the lowering of bar-
rier values (AVp) required in case of [*°Ca”
is lesser than that of 42Ca* at all values of
E¢m.. Thus, the quantum tunneling of frag-
ments/clusters in case of 4°Ca* through the
barrier is less hindered as compared to com-
pound nucleus *2Ca*. Therefore, less hin-
drance threshold is observed in *’Ca* in com-
parison to 42Ca*, at lower energy values. Fi-
nally, the calculated fusion excitation values

Proceedings of the DAE Symp. on Nucl. Phys. 64 (2019)
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FIG. 2: (a)AVp as a function of E.m. and (b)
The fusion cross section, o rys calculated at com-
parable center of mass energies for ****Ca* within
DCM and are compared with available experimen-
tal data where applicable for deformed fragmen-
tation.

are plotted as function of E, ., in Fig. 2(b).
It can be observed that the calculated fusion
excitation values are in agreement with the
available experimental data. Also, it can be
seen that the cross section values of 1°Ca*
are larger in comparison to *?Ca*. Also, it
can be clearly noticed that the cross sections
of 2Ca* (solid line) decrease very steeply at
the lowest energies in contrast to 1°Ca* (dot-
ted line). These observations can be under-
stood through the lower AVp values of frag-
ments/clusters from compound nucleus **Ca*
and possibly its double shell closure in com-
parison to that of compound nucleus *?Ca*
which may lead to enhanced cross section val-
ues.
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Effect of neutron-excess on above-barrier fusion cross-sections in
1215¢ 4 12C: Evidence for increasing neutron dynamics! ROMUALDO DES-
OUZA, VARINDERJIT SINGH, SYLVIE HUDAN, Indiana Univ - Bloomington,
ZIDU LIN, Arizona State Uni\lrersity - Tempe, CHARLES HOROWITZ, Indiana
Univ - Bloomington — Examination of the average fusion cross-section at energies
above the fusion barrier for 1%131415C 4 12C reveals that the fusion cross-section
increases more rapidly than can be simply attributed to the increased size. Com-
parison with static barrier penetration models suggests that dynamics are the origin
of this increased cross-section. Calculations with a time-dependent Hartree-Fock
model also fail to describe the observed trend suggesting that for neutron-rich nu-
clei, neutron dynamics may play a larger role than is presently accounted for.
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Assessing the impact of valence sd neutrons and protons on
fusion! ROHIT KUMAR, VARINDERJIT SINGH, J. VADAS, T.K. STEINBACH,
B.B. WIGGINS, S. HUDAN, R.T. DESOUZA, Indiana University Bloomington —
Assessing the impact of valence sd neutrons and protons on fusion Experimental
near-barrier fusion cross-sections for 'F + !2C are compared to the fusion excita-
tion functions for 6180, F, and ?°Ne ions on a carbon target. Comparison of
the reduced fusion cross-section| for the different systems accounts for the differing
static size of the incident ions and changes in fusion barrier. Remaining trends of
the fusion cross-section above the barrier are observed. These trends are interpreted
as the interplay of the sd protons and neutrons. The experimental data are also
compared to a widely-used analytic model of near-barrier fusion, a time-dependent
Hartree-Fock model, and coupled channels calculations.
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Fusion of neutron—ﬁch nuclei around the N=20 and N=28 shell
closure.! SYLVIE HUDAN, JAMES JOHNSTONE, VARINDERJIT SINGH,
REKAM GIRI, ROMUALDO DESOUZA, Indiana University, DIETER ACKER-
MANN, ABDELOUAHAD CHBIHI, QUENTIN HOURDILLE, GANIL, AUSTIN
ABBOTT, CATHERINE BALHOFF, ANDY HANNAMAN, ALAN MCINTOSH,
MAXWELL SORENSEN, ZACH TOBIN, ADI WAKHLE, SHERRY YENNELLO,
Texas AM University — Fusion in neutron-rich environments is presently a topic
of considerable interest. Experiments for an isotopic chain allow systematic ex-
ploration of the dependence of fusion on neutron number. To study fusion away
from the closed N=20 and N=28 shells and explore the role of the unpaired proton,
experiments were conducted at NSCL’s ReA3 facility for 3%4547K 4160, 28Si and
36,44 Ar+160, 288 at near-barrier energies. Details of the E-TOF experimental tech-
nique utilized will be discussed. Preliminary results yielding the experimental fusion
excitation functions and comparison to theoretical models will also be presented.
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3.4.6 Number of books and chapters in edited volumes published per teacher during the last five years (15)

3.4.6.1: Total number of books and chapters in edited volumes / books published, and papers in national/international conference-proceedings year wise during the last five year
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