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a-Particle evaporation spectra were measured at backward angles in '°0 + *+1%Mo reactions at multiple beam
energies. Inverse level-density parameter, K, was determined for Cd nuclei of different isospins by simulating
high-energy tail of the measured a-particle evaporation spectra with statistical model code PACE2. An overall
increasing behavior of the K value is observed with increasing temperature in the range of 1 to 2.5 MeV. It is
observed that in the temperature region below 1.8 MeV, the parameter K is higher for the neutron-rich nuclei
by around 1 MeV. Semiclassical calculations were performed which treat single-particle level density of neutron
and proton on different footing and this can account for the isospin effects. These calculations reproduce the K
values as determined from the statistical model analysis of «-particle evaporation spectra. Present results clearly
demonstrate the isospin dependence of the level-density parameter as conjectured by theoretical works.
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I. INTRODUCTION

Nuclear level-density (NLD) is a fundamental property of
atomic nucleus and plays a crucial role to understand several
physical phenomena in nuclear physics and astrophysics. It
is a key ingredient in the prediction of nuclear reaction cross
sections using statistical models. Therefore, it is also a very
important input parameter in designing new nuclear technolo-
gies. It is often necessary to have an accurate estimate of
the NLD of highly excited nuclei as a function of the excita-
tion energy, angular momentum, isospin, and other constants
of motion. Primarily, it is described in a phenomenological
framework, where its excitation energy dependence is given
by the Fermi-gas (FG) approximation [1] as

ﬁexp(Z«/aEx)

Ey) =
p(Ex) 2 a1/4E§/4

ey
where Ey is the excitation energy of the nucleus and a is the
nuclear level-density parameter, which is related to the single-
particle level-density g(er) at the Fermi energy (¢r) through
the relation a = (72/6)g(sr). Influence of other important
factors on the level-density parameter, such as, shell effects,
pairing, collectivity, etc., are taken into account through a
number of adjustable parameters [2—4]. It is more convenient
to use the inverse level-density parameter, K = A/a, where
A is the mass number of the nucleus. In the FG approx-
imation, the parameter K is constant around 15 MeV. At
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excitation energies around the particle emission threshold, the
inverse level-density parameter, K, exhibits a dramatic varia-
tion around the shell closures due to prominent shell effects.
However, an average trend of K = 8-9 MeV is observed while
spanning almost the whole nuclear chart. With increasing
excitation energies, the shell effects are depleted, and the
parameter K approaches to its asymptotic value at nuclear
temperatures, 7 > 1 MeV, and this aspect is understood well
[5].

Initially, it was a puzzle that the average magnitude of
the NLD parameter, a, is around A/8 MeV~!, which is sig-
nificantly higher than the FG value of A/15 MeV~!. With
increasing excitation energies, however, it is observed that the
level-density parameter approaches to the FG value of A/15
MeV ! [6-13]. Febris et al. [10] has shown from evaporated
a-particle spectra in '’F+ '8!Ta reaction that K values in-
crease from 8 to 14 MeV while scanning the beam energy
from 90 to 140 MeV. Similarly, Roy et al. [14] has reported
from evaporated neutron spectra in mass region around A =
210 that K values increase from 7.8 to 10 MeV with increase
in temperature from 0.7 to 1.4 MeV. The intriguing variation
of K ~ 8 MeV from low temperature to the FG value of K ~
15 MeV at T ~ 5 MeV has been attributed to the effects
arising from finite nuclear size and effective nucleonic mass
[8,15,16]. Calculations by Shlomo and Natowitz [8,16] which
include finite nuclear size, effective nucleonic mass, and shell
effects support the experimental trend of increasing K value
with temperature. However, these predict quite different rates
of increase in K with temperature in different regions of
the nuclear chart. As the nuclear level-density parameter is
directly related to microscopic aspects of the atomic nucleus,
its temperature dependence is of fundamental importance.
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Temperature dependence of the NLD parameter also plays a
key role in constraining caloric curves which further deter-
mine the phase transition in finite nuclear matter [17-19]. As
suggested by the theory [8,16], it is of utmost importance to
obtain experimental value of the parameter K with varying
temperature in different mass regions.

Similarly to the temperature dependence of the single-
particle level densities, the isospin effects are not included
within the Fermi-gas framework. The isospin is expected
to influence two quantities: the level-density parameter a
and the symmetry energy contribution to the nuclear masses
[20,21]. It has been conjectured in Ref. [22] that in contrast
to Fermi-gas framework, the parameter a actually depends
on N and Z separately, where N and Z refer to the numbers
of neutrons and protons, respectively. This is justified when
proton and neutron single-particle level densities are unequal.
According to Quraishi er al. [22,23], the NLD parameter a
is reduced as one moves away from the valley of stability.
Calculations based on relativistic mean-field theory [24] have
also demonstrated the isospin dependence of the parameter
a. The variation of the NLD parameter with isospin is of
significant importance for r- and rp-processes in nuclear astro-
physics where the synthesized nuclei are considerably proton
or neutron rich. A clear understanding of isospin dependence
of the NLD parameter a is crucial not only because of its
vital role in the nuclear synthesis but also for the microscopic
understanding of different effects arising as one moves away
from the valley of stability.

Recently, Kaur and Jain [25] have also proposed a semi-
classical theory of the shell effect melting in nuclei with
temperature using an exact semiclassical trace formula. This
formula allows us to treat single-particle level density of neu-
tron and proton on different footing, and this can account for
the isospin effects. Moreover, it can calculate single-particle
level densities for spherical and axially symmetric harmonic
oscillator potentials, thereby accounting for the deformation
effects. In order to benchmark the semiclassical theory of
Kaur and Jain [25], experimental data on simultaneously vary-
ing temperature and isospin are needed.

On the experimental front, the information about the
isospin dependence of the nuclear level-density parameter
using stable beams is very sporadic [6,26], primarily because
of mild effects for nuclei close to the valley of stability. With
the development of RIB facilities, there is a renewed interest
in investigating the isospin effects on single-particle nuclear-
level densities in the vicinity of drip lines [27]. However,
the disadvantage with radioactive beams lies with their poor
intensities. It is therefore of primary importance to test the
effect of the isospin on level densities by forming compound
systems as exotic as possible using stable ion beams.

Experimental information about the nuclear level-density
parameter a at excitation energies well above the neutron
separation and below 5 MeV /nucleon can be obtained from
the high-energy slope of evaporated particle spectra from
heavy-ion fusion reactions [3,28-34]. In order to study the
temperature dependence of NLD parameter and to search for
any evidence of isospin dependence, we have measured the
a-particle evaporation spectra from '°Sn* and ''®Sn* com-
pound nuclei populated in 1°Q + *+1%Mo reactions at several

excitation energies. Inverse level-density parameter, K, as a
function of temperature, 7', has been determined by fitting
the experimental «-particle spectra measured at backward
angles with simulated spectra using the statistical model code
PACE2 [35]. In this paper, we present detailed data analysis
and results on temperature and isospin dependence of the
nuclear level-density parameter. The paper is organized as
follows. The experimental details of the measurements have
been discussed in Sec. II. Section III describes data analy-
sis and statistical model calculations using the code PACE2.
Results and discussion are presented in Sec. IV. Section V
contains semiclassical calculation of NLD using Ref. [25] and
a comparison thereof for the Cd isotopes, populated in the
present reactions. The present work is summarized in Sec. VI.

II. EXPERIMENTAL DETAILS

The experiment was carried out using 'O beam
from BARC-TIFR Pelletron Linac Accelerator Facility at
Mumbai. '°Q beam of varying energies bombarded isotopi-
cally enriched (>95%) and self-supporting foils of **Mo and
100Mo with thicknesses of 1.8 mg/cm? and 1.0 mg/cm?, re-
spectively. a-Particle evaporation spectra in the '°0 4+ **Mo
reaction were measured at five different beam energies of
55, 60, 70, 75, and 80 MeV. In the case of the 0+ '“Mo
reaction, 10 beam energies (55, 60, 70, 75, 80, 95.5, 104.9,
114.6, 124.6, and 136.6 MeV) were used. The beam energies
were corrected for energy loss in the half-thickness of the
target. a-Particles were detected using CsI(T1) detectors of
dimension 2.5 cm x 2.5 cm X 1.0 cm coupled to Si(PIN)
photodiodes [36,37]. These detectors were mounted in the
backward hemisphere of the Charge Particle Detector Array
[38] at a distance of 17 cm from the target at angles of 115°,
125°, 130°, 134°, 140°, 145°, 150°, and 155° with respect
to the beam direction. Two silicon surface barrier detectors
having solid angle of ~0.027 msr were placed at +20° at both
sides of the beam direction for the Rutherford normalization
purpose. The CsI(T1) detectors were energy calibrated in the
range of 4.8 to 8.4 MeV using 22> Th «-source periodi-
cally throughout the experiment duration. Extrapolation of the
light yield produced in the CsI(T1) detectors beyond 8.4 MeV
was estimated using in-beam data from earlier measurements
[39,40]. Particle identification in the CsI(T1) detectors was
achieved using the “ballistic deficit” technique [41]. It re-
quired two different shaping time amplifiers, one with a short
shaping time (0.2 pus) and another with a long shaping time
(3.0 us). The correlation between long (PH™"¢) versus short
(PHS"") integration pulse heights resulted in different bands
for different particles [42] as shown in Fig. 1 for '°Q (136.6
MeV) + Mo reaction at a laboratory angle of 150°. The
particle identification (PID) parameter was generated using
the following equation;

PHLong _ PHShon
A two-dimensional plot of PID versus PH""¢ corresponding
to the plot depicted in the Fig. 1 is shown in Fig. 2. Different
bands corresponding to y rays,Z = 1,Z = 2, PLF, and PIN-y
rays are clearly separated in Fig. 2, where PLF and PIN-y
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FIG. 1. Two-dimensional plot of short shaping time pulse heights
versus long shaping time pulse height for '°O (136.6 MeV) + Mo
reaction at a laboratory angle of 8, = 150°.

rays refer to the projectile like fragments and y rays reaching
directly to the photodiode of the CsI(T1) detector [36], respec-
tively. The Z = 2 band corresponds most dominantly to the o
particles, and it is enclosed using a red solid line in the Fig. 2.

III. DATA ANALYSIS

The a-particle yield spectra were extracted out from the
PID versus PH-" plots (Z = 2 band) for different angles.
The «-particle yields were converted to double differen-
tial cross sections, d’c/dQdE, by normalizing with the
Rutherford scattering events from the monitor detector placed
at an angle of 20° with respect to the beam direction. The
a-particles energy spectra, thus obtained at different labora-
tory angles were converted to the center-of-mass frame using
standard Jacobian transformation. The center-of-mass spec-
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FIG. 2. Two-dimensional plot of PID versus pulse height (long
shaping time) for '°0 (136.6 MeV)+ '“°Mo reaction at a laboratory
angle of 6,,, = 150°.
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FIG. 3. «a-particle energy spectra in center-of-mass frame at dif-
ferent laboratory angles for '°0 + '“Mo reaction at a beam energy
of 136.6 MeV.

tra of different laboratory angles overlapped well with each
other within the experimental uncertainties as shown in Fig. 3
for the '°0 4 '“"Mo reaction at one typical beam energy of
136.6 MeV. Similarly to the 'O+ Mo reaction, the
center-of-mass spectra of different laboratory angles for
the '°0+ Mo reaction overlapped with one another as
well. The error bars on the data points included only the
statistical uncertainties. Overlapping of the center-of-mass
spectra of different laboratory angles establishes that the
dominant yield of « particles is from the compound nu-
cleus evaporation. The center-of-mass energy spectra of
different laboratory angles were averaged at each beam
energy for both the systems. Averaged «-particle en-
ergy spectra from the '°0 (80 MeV) + **Mo and '°0
(70 MeV) + '®Mo fusion reactions, populating compound
nuclei, '°Sn* and ''9Sn*, respectively, at similar excitation
energy of 59.5 MeV (after correcting for the energy loss in
the targets), are shown in the Fig. 4. It has been observed that
at similar excitation energy, the overall yield of o particles
in 10 + **Mo reaction is close to five times to that of the
160 4+ %Mo reaction which might be attributed to the differ-
ences in the particle separation energies as discussed later. The
averaged center-of-mass spectra from the decay of compound
nuclei, 1°Sn* and '°Sn* at different beam energies are shown
in Figs. 5 and 6, respectively. The energy spectra at different
beam energies were scaled by suitable factors in Figs. 5 and
6 for better visualization. The solid histograms in Figs. 5
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FIG. 4. Measured a-particle energy spectra from '°0Q (80 MeV)
+ %Mo and '°0 (70 MeV) + Mo fusion reactions, populating
compound nuclei, ''°Sn* and ''®Sn*, respectively at similar excita-
tion energy of 59.5 MeV (see text).

and 6 representing the statistical model calculations will be
elaborated later in the text.

Averaged center-of-mass energy spectra at each beam en-
ergy were compared with the statistical model prediction
using the Monte Carlo code PACE2 [35]. Compound nucleus
spin distribution used in the code PACE2 is given by

) J+1)
[1 + CXP{(J - Jcril)/A}] '

where oy is the compound nuclear partial cross section for the
spin J and % is the reduced wave length. In Eq. (3), A is the
diffuseness parameter and J. is the critical angular momen-
tum for the fusion process. J.; is estimated by the total fusion
cross section, o (oF = Y _oy). PACE2 code takes ground-state
spins of projectile and target into account, and, accordingly, A
was chosen to be 0.37. PACE2 code calculates the total fusion
cross section from Bass systematics [43]. Energy and angular
momentum-dependent level-density p(Ex, J) that is used in
the PACE2 calculations for an excitation energy (Ex) above 5
MeV is given by

3

o] =TA

p(Ex,J) = N C))

2J +1 ( hi )3/2 exp(2v/al)
7 explevat/)
21

12 21 U2

where U,y = Ex — AP(Z) — AP(N) and U = Uy — E\q,
2
where E. = %J (J + 1) is the rotational energy. U is the

EI T T T I T T 1T 7T 1T 177 LI IIII?

E

E

E

— ]

> ]
[}

= E

= =

g .

g 4

8] 3

o 7

G -

3 E

[g\] =

o .

E

3

3

IIII|IIII|IIII|IIII|IIII_

15 20 25 30
c.m.
ES™ (MeV)

FIG. 5. Averaged «-particle energy spectra in center-of-mass
system (symbols) at different beam energies for '°0 + **Mo reaction.
Solid histograms represent the best fit statistical model calculations
(using PACE2 code). The individual spectrum has been scaled for
a better visualization. The beam energies and scaling factors are
mentioned along with each curve. The two vertical lines along each
curve show the kinetic energy region chosen for the 2 minimization
(see text).

net thermal energy available for nuclear excitation. AP(Z)
and AP(N) are the pairing energy differences obtained from
Gilbert and Cameron’s compilation for odd-even mass differ-
ences of the nuclear ground state. The moment of inertia /
was calculated using Sierk rotating liquid drop model [44]. We
employed Ignatyuk’s prescription [5] which is widely used in
phenomenological descriptions of nuclear level-density as it
takes into account the variation of the level-density parameter
a in the vicinity of shell closures;

y AS
a=a{1—7[1—exp(—yU)]}, 5)

where d is the asymptotic value of the level-density param-
eter and y is the shell damping factor for which we have
used the value of 0.054 MeV~'. The shell correction factor
AS was calculated using the Swiatecki and Myers formalism
[45], with the convention of being +ve for the closed shell
nuclei. The transmission coefficient as a function of energy
and orbital angular momentum of the emitted particle is con-
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FIG. 6. Same as in Fig. 5 but for the '°0 4 '®Mo reaction.

ventionally generated by the optical model potentials (OMPs).
In the present calculations for «-particle emission, the OMP
parameters of Igo and Huizenga [46] were used. In the present
work the primary aim is to study the level-density parameter
from the shape of the evaporated «-particle spectra with vary-
ing excitation energy. The high-energy tail of the spectrum
(well above the emission barrier) is dominantly decided by
the variation of nuclear level densities in the residual nu-
clei with energy available. The transmission coefficients, and
hence, the OMP parameters influence the «-particle spectrum
around and below the emission barrier. Therefore, the choice
of OMP parameters does not affect the investigation of the
level-density parameter.

In order to estimate the roles of first and higher chances
of o-particle emission in determining the relevant residual
nuclei for which the present analysis is valid for, the fol-
lowing exercise was carried out. PACE2 calculations were
carried out for '°0Q + **Mo and '°0 + '®Mo fusion reactions
such that both the compound nuclei are populated with the
same initial excitation energy of 60 MeV. The asymptotic
value of the level-density parameter was chosen to be A/10
MeV~! for both the reactions. Using the traceback feature
of the code PACE2, the fraction of «-particle emission from
different stages, such as, first chance (On), after one neutron
emission (1n), and after two neutron emission (2n), were
estimated. Figure 7 shows PACE2 calculated «-particle spectra
of different emission stages as well as the inclusive ones
for both the reactions. The PACE2 simulated inclusive mul-
tiplicities for neutron, proton, and « particle are seen to be
2.12, 1.11, and 0.38 for the °0 + **Mo reaction and 3.72,
0.25, and 0.08 for the '°0+ Mo reaction, respectively.
The difference in the particle multiplicities is attributed to the
difference in the particle separation energies. The separation
energies for neutron (S,), proton (S,), and «-particle (Sy)
emissions from the populated ''°Sn* compound nucleus are
11.282, 6.643, and 1.135 MeV, and from the ''®Sn* compound
nucleus, these values are 9.563,9.278, and 3.375 MeV, respec-
tively. The On and 1n contributions relative to the inclusive
spectrum in the kinetic energy range of o particles beyond
20 MeV are seen to be, respectively, 60% and 30.3% for
the '°0 + %Mo reaction and 35.6% and 62.6% for the
160 4+ %Mo reaction. The first chance a-particle emission
from the !'°Sn* compound nucleus is much more than the
116Sn* compound nucleus in the kinetic energy range beyond
20 MeV which is consistent with the more favorable neutron
separation energy in case of ''°Sn*. Despite these differences
in separation energies and hence the particle multiplicities,
the shapes of On+1n and inclusive «-particle spectra from
both the reactions are similar in the higher kinetic energy
region (> 20 MeV), as seen from Figs. 7(c) and 7(d) where
the spectrum from the ''®Sn* compound nucleus has been
scaled up by a factor 7.8. It is concluded from PACE2 predic-
tions that the emission of higher kinetic energy (>20 MeV)
a particles predominantly takes places as the first chance
or followed by one neutron emission for both the reactions.
The fraction of On+1n events of a-particle emission in the
higher kinetic energy region (>20 MeV) where shape of the
spectrum is predominantly decided of the energy-dependent
nuclear level densities, is more than 90% for both the
reactions.
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FIG. 7. PACE2 predicted a-particle energy spectra from 60
(78.78 MeV) + **Mo and '°0 (68.91 MeV) + Mo fusion reac-
tions, populating compound nuclei, ''°Sn* and ''°Sn*, respectively,
at same excitation energy of 60 MeV, and with inverse level-density
parameter, K = 10 MeV. «-particle emission spectra from different
stages, such as, first chance (On), after one neutron emission (1n),
after two neutron emission (2n), and inclusive (all channels) are
determined. The dotted vertical lines in each panel mark the position
of 20-MeV «-particle kinetic energy. (a) Contributions from On,
On+1n, On+1n+2n, and inclusive for compound nucleus 1°Sn* are
shown by dotted (magenta), dashed (green), dash-dotted (blue), and
solid (red) lines, respectively. (b) Same as panel (a) but for the oGy
compound nucleus. (c) On+1n channels are compared for compound
nuclei ''°Sn* (red solid circles) and !!°Sn* (blue solid squares) where
contribution for ''*Sn* is scaled up by a factor of 7.8. (d) Same
as panel (c), but for inclusive contribution. In panels (c¢) and (d),
uncertainties correspond to statistical fluctuation in the Monte Carlo
simulation of PACE2.

Averaged center-of-mass «-particle spectrum at each beam
energy was compared with corresponding PACE2 prediction for
both 1°0 + **Mo and '°0 + Mo reactions. The inverse
level-density parameter K = A/a was kept as free parameter
to obtain the best fit using x> minimization technique. The
x? minimization was performed in the kinetic energy region
beyond 20 MeV as marked by two vertical lines in the Figs. 5
and 6.
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FIG. 8. Parabolic variation of S(K) with parameter K for some
typical cases for compound nuclei 1°Sn* and !'°Sn*.

The most probable value of K is obtained by minimizing
the statistical variance given by [33,34]:

N
1Y, — fi(K)P?

S(K) = ; o ©)
where Y, is the double differential cross section in ith energy
bin, f;(K) is the results of calculation from PACE2 code for
the same energy bin for the inverse level-density parameter
K, and o} is the statistical error in measured cross section.
If the functional form of f;(K) is correct and the errors, o;,
in ¥; are normally distributed, then the minimum S(K) obey
the chi-square y2(N — 1) distribution with N — 1 degrees of
freedom, where N is the number of data points considered.
We have determined the S(K) as a function of K using the
above equation and in most cases a parabolic dependence of
S(K) on K is observed as shown in Fig. 8 for some typical
cases. The best fit parameter K was determined from the
minimum of the parabola. To define error 8K on K, an interval
of 68.3% confidence level was determined (corresponding to
one standard deviation) using a limit on S(K) defined as [47]:

S =SK)+ S )

L N-T
The error K is defined as the intercept of the parabola with
the limit S;. Thus, best-fitted inverse level-density parameter
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FIG. 9. Bottom panel: Two-dimensional plot of «-particle kinetic
energy versus residual nuclei excitation energy as obtained from
PACE2 calculations (using K=10 MeV) for ''®Sn* compound nucleus
with initial excitation energy of 60 MeV. Two enclosed rectangular
boxes (dotted, red-color), named as “1” and “2,” respectively refer to
the first chance and second chance a-particle emissions. The another
rectangular box (blue, dash-dotted) marks the ¢-particle events with
kinetic energy (E,) more than 20 MeV. Top panel: Projection of the
bottom-panel two-dimensional plot on the residual nuclei excitation
energy axis for £, > 20 MeV (see text).

K is obtained as a function of beam energy for both the
reactions.

Selected «-particle kinetic energy range corresponds to a
range of excitation energy in the residual nuclei. As discussed
earlier, for the present reactions, both On and In channels
contribute to the a-particle kinetic energy beyond 20 MeV,
for which x? minimization is performed to get the best fit
inverse level-density parameter. In order to determine an av-
erage excitation energy of the residual nuclei after a-particle
emission, the trace-back feature of PACE2 was employed using
the most probable K value for each beam energy. At first, a
two-dimensional plot of «-particle kinetic energy versus ex-
citation energy in the residual nuclei was obtained. A typical
two-dimensional plot is shown in the bottom panel of Fig. 9
for '°0 + **Mo reaction for an initial excitation energy of
60 MeV and K = 10 MeV. In the bottom panel of Fig. 9, the
two enclosed rectangular boxes (dotted, red-color), named as
“1” and “2,” respectively refer to the first chance and second
chance a-particle emissions. Another rectangular box (blue,
dash-dotted) marks the «-particle events with kinetic energy
more than 20 MeV. In the top panel of Fig. 9, projection

of the two-dimensional plot on the residual nuclei excitation
energy axis for E, > 20 MeV is shown, where, the peaks,
named as “1” and “2,” respectively refer to the first chance
and second chance «-particle emissions. The arrow indicates
the mean excitation energy (Ey = 23.8 MeV) of the residual
nuclei. This procedure was followed for each beam energy
used for both the systems. The Ex values thus determined
corresponding to each beam energy are listed in Table I.

The Ex value was subsequently converted to nuclear tem-
perature (7) using following equation from Ref. [48]:

1 5 .
=2 |2 @)
T~ 4Ey @\ Ex

where @ = A/8 MeV~! was chosen. Here, A = 106 and 112
have been used for the two systems respectively, as an approx-
imation.

IV. RESULTS AND DISCUSSIONS

Experimental «a-particle energy spectra along with the best
fit PACE2 calculations (using K) are given in Figs. 5 and 6
for both the compound nuclear systems at different beam
energies. The best fit inverse level-density parameters, K and
temperature 7', determined using Eq. (8) at various beam
energies, are listed in the Table I. As discussed earlier, in the
present reactions both On and 1n channels contribute in the
a-particle kinetic energy region of interest, therefore, the K
values determined through the '°0 4+ **Mo and '°0 + '“Mo
reactions correspond respectively to '1%°Cd and '''2Cd
residual nuclei.

Nuclear temperatures were also estimated from
Maxwellian fitting of the «-evaporation spectra at each
beam energy using the following functional form [49]:

d*c _ N
dQdE ~ T2

where N, Ej,, and T are the normalization constant, emission
barrier, and slope (temperature) of the spectra, respectively.
The Maxwellian fitted nuclear temperature are provided in the
Table I for both the nuclear systems. It is seen that Maxwellian
fitted nuclear temperatures are consistently somewhat higher
than those obtained from the statistical model analysis (PACE2
code).

The best fit inverse level-density parameter K is plotted
as a function of nuclear temperature in Fig. 10 for both the
compound nuclear systems; ''°Sn* and ''%Sn*. It is observed
that the inverse level-density parameter, K, increases for both
the systems with increasing temperature up to 1.8 MeV and
after that, it slowly saturates. It is observed that in the tem-
perature region below 1.8 MeV, the parameter K is higher for
neutron-rich '*Sn* by around 1 MeV in comparison to the
neutron deficient '°Sn*. The high K value for neutron-rich
nucleus as seen above may directly be linked with isospin of
the respective nuclei. These experimental results of isospin de-
pendence of parameter K show good agreement with Quraishi
et al. [23] calculations in which they have conjectured that
nuclear level-density parameter, a, is lower for neutron-rich
nuclei.

(Eq — Ep)exp[—(Eq — E»)/T],  (9)
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TABLE I. Experimental parameters of nuclear reactions studied and results obtained from the present work.

160+%Mo 160+1Mo
Beam energy Ee‘iN“ K Ey T (MeV) T (MeV) ESCXN“ K Ey T (MeV) T (MeV)
(MeV) MeV) (MeV) (MeV) fromEq.(8) Maxwellian fit (MeV) MeV) (MeV) from Eq. (8) Maxwellian fit
55.0 38.0 8.7£0.1 144 1.15 1.1940.02 46.4 9.74£0.2 18.3 1.24 1.3940.02
60.0 424  9.14+0.1 17.1 1.24 1.3340.01 50.7 9.840.1 21.0 1.32 1.5040.01
70.0 51.0  9.54+0.1 24.0 1.45 1.57+0.02 59.5 10.5+£0.2  25.1 1.43 1.77+0.02
75.0 557 9.840.1 28.0 1.55 1.714+0.02 63.8 10.840.1 29.3 1.54 1.834+0.02
80.0 59.7  9.8+£0.2  30.0 1.61 1.754+0.03 68.2 11.0+£0.1 32.3 1.61 1.9840.01
95.5 81.7 10.9+0.2 428 1.84 2.28+0.02
104.9 89.1 11.14+0.1 46.4 1.91 2.4140.02
114.6 98.3 10.940.1 52.0 2.02 2.55+0.02
124.6 107.0 11.3£0.2  56.6 2.10 2.7240.02
136.6 1174  11.440.3 62.9 2.21 2.9040.03

10.8° 11.2°

2Compound nucleus excitation energy after correcting for energy loss in the target.

YRMF calculations [24].

Earlier, self-consistent calculations were carried out by
Nerlo-Pomorska et al. [24] for excited nuclei in the frame-
work of the relativistic mean-field theory at temperatures
between 0 and 4 MeV for several spherical even-even nuclei.
In their work, the temperature-dependent macroscopic part of
the thermal energy was approximated by a liquid-drop type
formula. Thus, a global parametrization was obtained for the
liquid-drop type level-density parameter, which, within this
formalism is constant in the temperature region between 0 and
4 MeV. Using those global parameters, a liquid-drop inverse
level-density parameter (Kpp) was calculated for several Cd
isotopes. It is seen that the K| p parameter also increases with
neutron richness as observed in the present work. The K|, val-
ues for '%°Cd (*°0 + **Mo reaction) and ''>Cd (*°0 + Mo

jlllllllllllllllllllll TTTT TTTT TTTT Il_-

3 * Expt.(%sn) E

E o Expt. !%n") :
- 110 * 1

12— Calc. (7Sn ) =

S F - cale.("sn) I
o 11 = —]
% C =
M 10| =
9 -

8 -

1 | | | | | | | | | | | | | | | | | | | | | | 1 1

1 12 14 16 18 2 22 24
Temperature (MeV)

FIG. 10. Inverse level-density parameter as a function of tem-
perature (see text). The experimental data (symbols) are compared
with semiclassical model predictions; dash-dotted and solid lines
represent '°Sn* and !'°Sn* compound nuclei, respectively.

reaction) are calculated to be 10.8 MeV and 11.2 MeV, re-
spectively. These Kip values are also provided in the Table I.

It is worth discussing theoretical work of Arunachalam
et al. [50], where nuclear level-density is calculated as a
function of nuclear temperature for various isospin values.
It has been shown that level-density parameter vary quite
dramatically below nuclear temperature around 1.5 MeV in
the mass region of A & 90. Depending on the total isospin,
level-density parameter increases or decreases with increasing
temperature up to around 1.5 MeV. At higher temperatures
(beyond around 1.5 MeV) the level-density parameter satu-
rates. It is clearly shown in the work of Arunachalam et al.
[50] that the saturated value of the level-density parameter is
lower for the higher isospin values which is consistent with
the present work and the conjuncture of Quraishi et al. [23].
It would be of further interest to have more measurements
on nuclear level-density parameter in the temperature region
around 1 MeV in different isotopic chains.

V. COMPARISON WITH CALCULATIONS USING
SEMICLASSICAL TRACE FORMULA

Semiclassical ~ trace  formula for  single-particle
level-density  [g(E) = g(E) + 8g(E)] for two- and
three-dimensional harmonic oscillator potentials using
periodic-orbit theory have been derived in Ref. [51]. The
average part of level-density g(E) for the harmonic oscillator
potential with

hw, = phwgy, hwy, = phej, and o, = n'hoj,  (10)
where p is an integer and »’ is an irrational number, is given
as:

3(E) = : |:E2—i(2hw$2+n'2hw§2):|. (11)

2n' ho? 12

Following the methodology as described in Refs. [25,52], we
can find the partition function Z(f) as its Laplace transform
and, subsequently, the finite-temperature partition function is
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given as:

BT
sin(wBT)’
Here $ is just a variable which can be of complex nature, too.
Taking the inverse Laplace transform of Eq. (12), we have

found the temperature-dependent single-particle level-density
as follows:

Zr(B) = Z(B) (12

7T2T3 (2[72 +n/2)

3 - - 2 *\2
&r(E) = 2pznwha%)3{E + 2 o)
8 [M“ (13)
1 4+exp(E/T)

Here fiw; is deformation dependent oscillator strength, and,
for a nucleus with mass number A, atomic number Z, and
neutron number N, it is given as:

; 41 N —2Z\'3
hof? = (12 =—=)  MeV.
A3 A

Superscripts {n, p} describe that while performing the cal-
culations, we have kept neutrons and protons on different
footings. & is the deformation parameter which is related to
the quadruple deformation parameter 6 ~ 0.95 8,. The oscil-
lator frequencies in terms of deformation parameter § can be
written as:

)
ho!'? = ha)fv"p = ha)’j_‘p = hwé"’p(l + 5)

28

ho?? = hwé”"”(l — ?> 14)

So the deformation parameter is given as [53]:
hw; — h

§ = 2L T s (15)

hawg

If we choose p = 1, then the oscillatory part of the level-
density is given as [51]:

E « 1 . (2knE
0g(E) = 5 Z - sin
hag = sin (kmn') hag

n e cos (knn') <2k7rE>
+ cos
2R} kZ:l: sin? (k') hiw}

0 1)K+
1 -1 cos(zknE). (16)

/ * -2 (km *
2n ha)o = sin ( ) ha)o

n

We develop temperature-dependent expression for level-
density following the methodology described in Refs. [25,52]
as given below:

dgr(E)
= r[E sin (zg(f) + (T cotht — 20 cos (%‘Z{)]
o P (Tiw)? sin (kwn') sinh 7
/ 2knE
+§: n cot(kmn )cos( T )
P 2w  sin (kmwn')sinh T

T Cos <2k”f>
haoyj

2 n?hwj sin? (k”) sinh (nl)

n

X 1K+
+Z( 1)
k=1

© &, 4 (—1)°(2)’ exp (—sE/T)
+ - =

= [+ (2)]

2 o (= 1)1 cos (kzen')(s/T)? exp (—sE /T
+3 - —
2hw} sin (knn’)[(%) +<hw7g) ]

s=1 k=1

. (=Df(s/T) exp (—sE/T
Y (D™ (s/T)"exp (=sE/T) a7

2
=T dwnagsin ()]0 + (22)]

2 .

Here t = % and T is the nuclear temperature. The total
0

expression is now given as:

gr(E) = gr(E) + égr(E). (18)
The level-density parameter [48]

JT2
ar =) ~cgr(u™), (19)

np

where p'»? is the chemical potential and it is fixed by the
following relation:

n.p

N,Z = / ' er(E)dE. (20)
0

Present calculations are carried out for '°°Cd and ''>Cd nuclei
by assuming first chance a-particle emission. The deforma-
tion parameter § is taken as 0.156 and fiw, """ is taken as 1.21
Tiwy " while the repetitions over periodic orbits (k) are from 1
to 5 and the sum over s is taken from 1 to 4 for '°°Cd nucleus.
However, for '2Cd isotope, we have used § = 0.162 while
the sums over k and s are taken by varying them from 1 to
5. hwy"? is taken as 1.26 fiwy? in case of '?Cd. Now, we
can determine temperature-dependent level-density parameter
using Eq. (20).

The calculated a7 values as a function of nuclear tempera-
ture were converted for inverse level-density parameter, K7,
using Kr = A/ar. The inverse level-density parameter Kr,
thus calculated using the semiclassical approach, was com-
pared with those determined from statistical model analysis
of the a-particle evaporation spectra as shown in the Fig. 10
for both the nuclear systems. It is observed that semiclassical
calculations reproduce the increasing trend of inverse level-
density parameter with temperature reasonably well for both
the nuclear systems. Semiclassical calculations also predict
that difference in the calculated K values for both the isotopes
decreases with increasing temperature(see Fig. 10).

VI. SUMMARY

a-Particle evaporation spectra from ''°Sn* and !''6Sn*
compound nuclei have been measured. These compound nu-
clei were populated employing '°0 4 **1%Mo reactions at
varying beam energies in the range of 55 to 136 MeV us-
ing BARC-TIFR Pelletron Linac facility. Statistical model
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analysis of experimental data was carried out using PACE2
code to determine the level-density parameter as a function
of temperature for the two residual nuclei ('%Cd and ''>Cd)
having significantly different isospins. It is observed that the
inverse level-density parameter, K, initially increases with
temperature for both systems up to 1.8 MeV, and thereafter,
it gradually saturates. Semiclassical calculations including
isospin effects reproduced the K values as obtained from
the statistical model analysis of «-particle evaporation spec-
tra. Present observation of increasing K values with nuclear
temperature is consistent with the predictions of microscopic
theory proposed earlier by Shalomo er al. [8]. It is also
observed that the level-density parameter is lower for the
neutron-rich isotope in the temperature region below 1.8 MeV.

This observation, in turn, support finite dependence of nu-
clear level-density parameter on isospin as conjectured earlier
by Quraishi et al. [22]. Nevertheless, it will be stimulating
to carry out further measurements on nuclear level-density
parameter to explore its evolution with nuclear isospin in
different mass pockets of the nuclear chart.
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