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Quasi-elastic scattering measurements of the **Si + '**Nd system at back-angle
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The barrier distribution of a system can be extracted from excitation function data obtained either through fusion reaction or
through quasi-elastic scattering measurement. In the present work, the quasi-elastic excitation function has precisely been measured
at back angle for the **Si + "2Nd system at energies around the Coulomb barrier and the corresponding experimental barrier
distribution has been extracted. The experimental data has been interpreted in the frame work of the coupled channel calculations
which include couplings to different possible modes of excitations of the interacting target-projectile combination. The possible
effect of the nature of projectile excitations on the derived barrier distribution has been presented.
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1 Introduction

The study of the effect of couplings to the inelastic
excitations of the interacting nuclei in the fusion
process at energies around the Coulomb barrier has
been carried out in several investigations over the last
few decades. The investigations were made for a
series of target-projectile combinations having
different degrees of deformations'. The experiments
were carried out involving the fusion and quasi-elastic
excitation function measurements. Several interesting
results governing the underlying fusion dynamics
have come out from these investigations. It is to be
noted that quasi-elastic scattering process of the heavy
ion projectile like particles at the backward angles is
considered to be the counterpart of the corresponding
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heavy-ion fusion reaction between the incoming
projectile and the target. Both are inclusive processes
and sensitive to the channel coupling effects at
energies close to the Coulomb barrier. However, a
major difference between the two processes is that the
quasi-elastic scattering is related to the reflection
probability at the Coulomb barrier, while the fusion is
related to the transmission probability. The excitation
function data reveals the most fundamental features of
the underlying reaction process and is very often used
for extracting the other relevant observable such as
the extraction of barrier distribution. It is worthwhile
mentioning that the barrier distribution of a given
system obtained from both the quasi-elastic scattering
and fusion excitation function measurements is found
to be very similar in nature. However, the quasi-
elastic excitation function measurement is relatively
easier to carry out from the technical point of view
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and there are also certain other advantages compared
to that of fusion excitation function measurement’.
Exploiting this fact, it has now become a common
practice to use the excitation function data obtained
from the quasi-elastic scattering events at large back
angles for extracting the features of barrier
distribution of the underlying reaction process.

In the present contribution, our main interest is to
study the possible effects of coupling of different
excitation modes of the deformed projectile, 2884, on
the barrier distribution. It is expected that the
dominance of a particular excitation mode of a
deformed projectile in controlling a fusion process
can be investigated in a comprehensive way with the
use of a spherical target. The use of deformed target
generally invokes the possibility for other coupling
effects and may add up additional complexity. Hence,
the present excitation function measurement and the
follow up barrier distribution analysis have been
carried out using the spherical '**Nd target.

2 Experimental Details

The experiment was performed using the GPSC
facility at IUAC, New Delhi. The accelerated beam of
#Si was delivered by the 15 UD Pelletron accelerator.
The beam energy was varied in the range of 84 (~ 30
% below barrier) to 136 MeV (~12 % above barrier).
The enriched '*Nd (98.26 % enrichment) target was
used for the experiment. The effective areal thickness
of the target was ~150 pg/cm’. The target material
was sandwiched properly between a carbon capping
of thickness ~10 pg/cm? and a carbon backing of
thickness ~25 pg/cm’. The presence of capping and
backing material helped in preventing the target from
oxidization. The target was prepared at the IUAC
target laboratory by evaporation process’. The
scattered beam like particles were detected at the back
angles using HYTAR*® (HYbrid Telescope ARray)
detectors. Each unit of the hybrid telescope detectors
are comprised of AE and E detectors. The AE
detectors are gas ionization chambers each of having
an active length of 18 mm. The detectors were
operated at 58 mbar pressure of isobutene gas during
the experiment. The E detectors are passivated
implanted planar silicon (PIPS) detectors each having
a thickness of 300 pg/cm®. Four telescope detectors,
two in plane and the other two out of plane, each at an
angle of 173" with respect to the incident beam
direction were placed in a symmetrical cone like
geometry. This arrangement was helpful in

minimizing the uncertainty due to beam misalignment
and obtaining data with good statistics within a
relatively smaller amount of beam time. Two 300 um
thick silicon surface barrier detectors were kept at the
angles of +10° for beam monitoring and data
normalization purposes. The excitation function
measurements were carried out in 2 - 4 MeV energy
steps in laboratory frame. The software packages,
FREEDOM® and CANDLE® were used for the
acquisition and the subsequent analysis of the
acquired data. The counts for the quasi-elastic
scattering events at a given beam energy and angle
were extracted from the two-dimensional correlation
plot of AE (energy loss) versus E (residual energy)
obtained from the output signal of the corresponding
hybrid telescope. A representative 2D plot of the
spectrum obtained from the AE and E detector at
01.=173° for the incident beam energy of 116 MeV
(in the lab frame) for the **Si + '*Nd system is
shown in Fig.1.

3 Data Analysis

As mentioned above, the present work is comprised
of the measurement of the quasi-elastic scattering
events for the **Si + '**Nd system at back angle. It is
to be noted here that the quasi-elastic events are
defined as the sum of elastic, inelastic, and transfer
events. The counts of interest have been extracted
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Fig. 1 — Representative two-dimensional correlation plot of AE-E
energy signals (both are in channel numbers) from the hybrid
telescope detector placed at 173° with respect to the beam direction.
The figure corresponds to the data collected for the incident beam
energy, Ep, = 116 MeV. The added counts from all the lobes have
been considered to be due to quasi-elastic events. The regions of the
different lobes are schematic only and have been drawn to guide the
eye. The rectangular contour depicts the total region covering all the
events of our interest (see text for details).
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from the AE (energy loss) versus E (residual energy)
plot (see Fig. 1). The ratio of the differential cross-
section between quasi-elastic and Rutherford
scattering events (doye;/dog) at a given beam energy
and angle has been experimentally extracted using the
standard procedure (see Ref. 7).The variation of this
ratio as a function of incident beam energy (in cm
frame) for the *Si+'**Nd system (quasi-elastic
excitation function plot) is shown in Fig. 2. The
figure depicts the quasi-elastic excitation function
data measured at the angle of 173°. The uncertainties
of the data points shown in the figure are statistical
only. The typical values of statistical uncertainties
associated with the data points lying at the lower and
higher range of energies are found to be about 2 %
and 5%, respectively. It is worthwhile mentioning that
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Fig. 2 — Quasi-elastic excitation function plot obtained from the
present set of data recorded at 173° angle for the *Si + "Nd
system.
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Fig. 3 — The low-lying level scheme of 2Si highlighting the
deformation (3,) and the transition strengths (B(E2)) of the concerned
states (see text for details). The position of level energy of 3™ state is
not according to the scale. All the spectroscopic data has been taken
from the evaluated data base of 2*Si available in Ref. 13.

for the effective use of quasi-elastic excitation
function data, measured at 173°, in extracting the
corresponding fusion barrier distribution
[Dge1(e,173°)], one has to ideally carry out the
measurements at 180°, which is physically not viable.
In order to convert the results of D¢ (& 173 ©) to that
of Dgei(&180°), we have to introduce the effective
energy (Egfs) term into the cross-section under the
condition that oyei(Eerr) = Oger(Ecm., 173°). The
angle dependent centrifugal effects on cross-section
get corrected through the wuse of E.fr. The
corresponding value of E, ¢ can be obtained using the
following relation®

E.. = 2Ecm,
ST 7 1 + cosec(O,.m /2)

where E., and 6., denote respectively the beam
energy at the half-target thickness position and the
scattering angle in the centre of mass system. As
mentioned in the aforesaid section, it has become now
a well known fact that the fusion barrier distribution
(Dger(€)) can be deduced experimentally from the
corresponding  quasi-elastic  excitation function
data doge;/dog. The relation, Dyer(e) =
—d (doge/dog)/dE (where doge and dop are
respectively the quasi-elastic and Rutherford
scattering cross-sections at 6 = 180°) and the standard
point-difference formula’ has been used to extract
Dyei(e) from the measured excitation function data.

The extracted barrier distribution plot obtained from
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& ® Pgi4MiNg
- J&C|+|I0Pd
L A PNe +7%pp

Dger (€) (MeVv™

(¢ - Vo)(MeV)

Fig. 4 — Comparison of the experimental barrier distribution for the
systems 2*Si + ’Nd (present work), **C1+ "°Pd (from Ref. 7) and *Ne +
28pp (from Ref. 21). Due to the difference in the average experimental
barrier (V) value for the three systems, the barrier distribution [Dgq (€)]
data has been plotted as a function of € - V, instead of e.
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the present measurement has been shown in
Fig. 4 and 5. The experimental data shows two
distinct hump like structure. It is notable here that the
width of barrier distribution depends upon the
coupling strength. The coupling strength for a system
is found to be proportional to Z,Z, (= ), where Z,
and Z, represents respectively the projectile and target
nuclear charges and [ denotes the average
deformation parameter for the concerned system.
Hence, different systems having similar @ value
should exhibit the barrier distributions having almost
the similar barrier width. This is evident from Fig. 4,
where the width of the experimental barrier
distribution for the present system has been compared
with that of the other systems having the similar type
of @ value. The relevant parameters for the three
systems have been tabulated in Table 1. Although the
fine structure pattern (which depends upon the
additional microscopic features of the colliding
nuclei) prevailing in the barrier distribution looks to
be different for different systems, the three systems
exhibit almost similar type of barrier width.
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Fig. 5 — Comparison between the experimental and theoretical

barrier distribution data for the 2°Si + '*’Nd system. The theoretical
results have been obtained from the calculations using the CCFULL
code under the different coupling schemes. The importance of the
coupling of the vibrational effect of the projectile in reproducing the
observed data is obvious from the figure.

4 Results and Discussion

For understanding the possible nuclear structure
effects of the colliding nuclei on barrier distribution,
theoretical calculations have been carried out using
the quasi-elastic scattering version of the CCFULL
code'’. The Woods-Saxon type of nuclear potential,
having a real and an imaginary part, has been used for
the calculations. In the calculations, we have used an
imaginary potential with the depth parameter of
30 MeV, the radius parameter of 1.0 fm, and the
diffuseness parameter of 0.3 fm. The choice of the
parameters is such that the imaginary potential lies
well inside the Coulomb barrier with a negligible
strength in the surface region. Under this condition,
the calculated results were found to be insensitive to
the parameters used for the imaginary part of the
potential. For the real part of the nuclear potential, the
potential depth V, is fixed at 190 MeV. The value of
the radius parameter (7p) is then adjusted for a
particular value of the diffuseness parameter (a) in
such a way that the Coulomb barrier height (V)
becomes equal to that of the average experimental
barrier (V,). We have fixed the value of V), owing to
the fact that the effect of variation in V), and 7, on the
Coulomb barrier height compensates for each other in
the surface region. That is, for a given value of
diffuseness parameter (a), the results do not
significantly depend upon the actual choice of V, as
long as the same barrier height (V) is maintained. The
calculations have been performed using the value of 7,
as 1.1 fm and ay as 0.7 fm. The deformation
parameters and the excitation energies of the
projectile and target used for the calculations have
been taken from Ref. 11 and12, respectively.

For the coupled-channel calculations, we have
included the vibrational excitations for the spherical
"2Nd target nucleus in the harmonic oscillator limit.
The choice of the excitation mode for the deformed
*8Si projectile is not straight forward and can be seen
in the follow up discussion. The low-lying level
structure of the incoming projectile, **Si has been
depicted in Fig. 3. All the relevant spectroscopic
parameters available in the literature have been

Table 1 — List of relevant parameters for the three systems.

System Z, Z B2 (projectile)
81 + 2Nd 14 60 0.42
3¢+ '%pq 17 46 0.23
Ne + 2%pp 10 82 0.46

B, (target) Average f§ * 7,28
0.09 0.26 214
0.26 0.25 192
0.06 0.26 212

*The value has been obtained from the average of values of B, (projectile) and B, (target).
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presented in the figure. The experimental value of
E,(4T)/Ex(2P)[E,(2*) and E,(4") represents the
excitation energy of 2" and 4" state, respectively] is
found to be 2.59. The theoretically expected value of
E,(4M)/E,(2")for a harmonic vibrator and rigid
rotor is 2.0 and 3.33, respectively. Hence, the
experimental level energy ratio of **Si lies in between
the values expected for a pure vibrator and rotor'* .
On the other hand, the experimentally measured value
of  B(E2:4%* - 2%)/B(E2:2% - 0%) [B(E2)
represents the E2-transition strengths between the
corresponding two states] is 1.24 + 0.14. This value is
very close to the theoretically expected value (1.43)
for an axially symmetric rotor; whereas the expected
value for a perfect vibrator is 2.0. Hence, the low-
lying level structure of **Si reveals the behaviour of
neither a perfect rotor nor a perfect vibrator. In fact,
the level structure of *®Si has a long standing
ambiguity related to the nature of its low-lying
collective states'’ ~ *°. Hence, the different possible
excitation modes of the incoming projectile have been
considered in the present calculations for the
interpretation of the observed barrier distribution.

As a first step, the calculations with no coupling
(considering both the target and projectile to be inert)
have been carried out. This uncoupled calculation
could not reproduce the experimental result. Next the
vibrational coupling to the target (only the first
2" state) alone is included in the calculation. This
calculation also fails to reproduce the experimental
result (see Fig. 5). This indicates the importance for
introducing the additional coupling modes to the
projectile excitations. Indeed, we have obtained a
better agreement between the experimental and
theoretical results when the vibrational coupling to the
first 2 state of the target and the coupling to the first
0, 2", 4" and 6" states of the ground state rotational
band (under the rigid rotor limit) of the projectile is
considered. It is to be noted here that the truncation of
calculations at the 6" state is found to be sufficient
enough as the calculated results do not seem to
change much with the inclusion of states beyond the
6". The calculations have also been carried out with
the vibrational couplings to the first 2" state of the
projectile along with the vibrational excitation of the
target to the first excited 2" state. The calculations
indicate better results. However, the best fit to the
experimental data is obtained only after the
incorporation of vibrational excitation to the first 2"
state of the projectile and the first 2" and 3" states of

the target nucleus in the calculation. It can thus be
said that coupling effects to both the vibrational and
octupole excitation modes of the target has a
significant contribution in the observed barrier
distribution. The calculated results also indicate the
dominance of coupling of vibrational over the
rotational degrees of motion for the incoming
deformed projectile.

5 Conclusions

Barrier distribution for the **Si +'*Nd system has
been deduced from the precisely measured quasi-
elastic excitation function data at back-angle. The
results from the coupled channel calculations show
that the inelastic excitation of both the projectile and
the target plays a significant role in the underlying
fusion process. Further more, it has been observed
that the experimental barrier distribution can be
reproduced satisfactorily in the calculations with the
consideration of **Si as pure vibrator in-spite of its
large value of quadrupole deformation in the low-
excitation regime. This supports the results of the
previous works'*?’ carried out with **Si projectile and
different target combinations. The present system has
a positive Q-value of 1.244 MeV for the two neutron
pick up channel (+2n). Hence, the influence of
possible neutron transfer is also expected to have
additional effect in the barrier distribution. This
warrants further calculations with the possible
couplings to neutron transfer channels as well.
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