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Several experimental investigations have reported evidence of collective enhancement of the nuclear level

density and its fadeout. However, a suitable method is needed for experimental determination of the enhancement
factor as a function of excitation energy. In this study, neutron spectra were measured in coincidence with
evaporated « particles produced in the reactions ''B + '¥!Ta, '°7 Au. The nuclear level density parameter has been
extracted for the Os (A ~ 188) and Pb (A = 204) isotopes by comparing neutron spectra with statistical model
prediction. Evidence for collective enhancement has been found for Os nuclei whereas no such enhancement has
been seen for Pb nuclei. The energy-dependent enhancement factor has been extracted by simultaneous fitting
of the neutron spectra at various excitation energies. Near a temperature of 0.8 MeV, the enhancement starts
to fadeout which is lower than the theoretically predicted temperature of 1.4 MeV for '¥’0s. Also, free energy
surface calculation shows that the ¥’Os nucleus undergoes a transition from collective prolate to noncollective
oblate shape close to the temperature of 0.8 MeV, corroborating the early fadeout. No such shape transition is

seen for 2*Pb.
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The properties exhibited by atomic nuclei are a manifes-
tation of either its single-particle nature or collective degrees
of freedom and the interplay between the two. Nuclear level
density is one such physical quantity where the single-particle
and collective natures coexist [1-3]. The nuclear level density
for a spherical nucleus with excitation energy U and angular
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momentum J is given by [2,4]
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Here o is the spin cutoff factor and p(U ) is the total number
of levels at an energy U. For a deformed nucleus, depending
on the level of symmetry, each intrinsic state gives rise to
rotational bands which enhances the level density over that
of a spherical nucleus. This enhancement is of the order of
o? for an axially deformed nucleus rotating about an axis
perpendicular to the symmetry axis and of the order of o3
for nuclei with no rotational symmetry. As the degree of
rotational symmetry increases, the enhancement is destroyed.
Similarly, vibrational collectivity can also cause enhancement
in the level density but the magnitude is small compared
to the rotational enhancement [2,5,6]. At sufficiently higher
temperature no distinction can be made between rotational

oU,J)= }p(U). (H
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and intrinsic motion and the level density approaches that of a
spherical nucleus. The temperature 7;; where this transition
takes place was shown to be T =~ 40,32A_% by Bjornhom
et al. [2], B> and A being the deformation and mass of the
nucleus, respectively.

Experimental evidence of the collective enhancement of
level density (CELD) and its fading out was observed by
Jhungans et al. [7] in a fragmentation study of heavy nu-
clei. However, a later study of evaporated o-particle spectra
showed no evidence of fadeout [8] for the compound nucleus
(CN) '8Hf over the excitation energy range 54—124 MeV.
More recently, evaporated neutron spectra from CN in the
excitation energy range 27-37 MeV have shown evidence of
fadeout of collective enhancement [9,10]. This indicates that
neutron spectra are useful tools for experimental investigation
of CELD and its fadeout.

Populating CN in the excitation energy range 2040 MeV
is difficult through heavy ion fusion reactions, and light
ion induced reactions may bring in contamination from pre-
equilibrium emission. Transfer reactions are often used to
populate low excitation energy in the composite system [11].
In the present study we have measured evaporated neutrons
in coincidence with evaporated o particles for two reactions
B 4+ 18173, 197 Au populating CN Pt and 2%Po, respec-
tively. The level density parameter as a function of energy
has been extracted by comparing experimental n spectra
with statistical models which showed signature of collective
enhancement.

The experiment was carried out at the BARC-TIFR
Pelletron LINAC facility, Mumbai, using the 14UD Pelletron
accelerator. Pulsed beam of ''B was accelerated to bombard
self-supporting targets of '%!Ta and '°’Au, at energies 61.5
and 63.0 MeV, respectively. Two AE-E telescopes consisting
of large area silicon strip detectors (50 x 50 mm? with 16
strips) were placed at 150° to detect the evaporated charged
particles. The thickness of AE and E detectors were 54 and
1500 microns, respectively. To detect neutrons, 14 liquid scin-
tillator detectors were placed at a distance of 72 cm from the
target covering an angular range from 58° to 143° with respect
to the beam direction. The time of flight of neutrons with
respect to the beam pulsing RF signal was recorded. The pulse
shape discrimination (PSD) property of liquid scintillators
was exploited for differentiating between neutrons and y rays.

The a-particle spectra obtained for both the reactions were
compared with statistical model prediction using the code
PACE [12]. It was observed that experimental «-particle spec-
tra were well reproduced with statistical model calculations
with inverse level density parameter values k = 11.5 and
10.5 for "'"B 4+ 7Au and ''B + '¥!Ta, respectively. Good
agreement between the experimental «-particle spectra and
statistical model prediction suggests that the detected « par-
ticles are from CN evaporation.

The energy of the neutron (E,) was determined using the
time of flight technique. The neutron spectra were obtained
corresponding to various «-particle energy (E,,) bins of 1 MeV
width in the energy range of 20.5-29.5 MeV. In order to esti-
mate the probability of first chance «-particle evaporation, i.e.,
o particles evaporated before any neutron emission, detailed
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FIG. 1. Statistical model prediction of the ratio of oy (first
chance a-particle gated neutron cross section) to the oy, (total a-
particle gated neutron cross section) as a function of neutron energy
E, for a-particle energy of 25 MeV for the reaction ''B + '8/ Ta.

calculation of «xn channels were performed using a statistical
model code [13]. These calculations show that probability of
first chance a-particle evaporation increases with increase in
E,. In the neutron energy range of 2.5-7.5 MeV, this contri-
bution is ~50% for the lowest E, bin used in this study and
~80% for the highest E, bin. Figure 1 shows the ratio of first
chance «-particle gated neutron cross section (o) to the total
a-particle gated neutron cross section (o) as a function of E,,
for the reaction ''B + '3!Ta at E, = 25 MeV. It can be seen
from Fig. 1 that for the E,, variation from 2.5 to 7.5 MeV, the
slopes of the first chance «-particle gated neutron spectra can
have ~12% variation due to the contribution of the neutrons
that are evaporated before « particles. This 12% change in
the slopes of the neutron spectra can result in a systematic
reduction of 0.5 in the extracted k values, which is within the
uncertainty limit. The excitation energy (E*) of the residual
nuclei '%30s and >**Pb, after one a-particle evaporation, was
determined by subtracting the «-particle kinetic energy and
the separation energy from the CN excitation energy (Efy).
Neutron spectra for four different E* values are shown in
Fig. 2. Statistical model calculations were performed by vary-
ing the inverse level density parameter k to obtain best fit for
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FIG. 2. Experimental neutron spectra for residual nuclei ***Pb
and '380s. Solid lines show statistical model calculation using best
fitted k values.
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FIG. 3. Inverse level density parameters as a function of ex-
citation energy extracted from reactions 'B + '¥!Ta, 7 Au. The k
parameters obtained from «-particle spectra are shown by open
circles, and results from Banerjee er al. [9] are shown by filled
squares.

both the residual nuclei at various energies. The calculated
neutron spectra are shown in Fig. 2 by solid lines and the
corresponding k values are shown as a function of E* in Fig. 3.
The k values obtained from evaporated «-particle spectra for
the compound nuclei '*?Pt and 2°Po are also shown in this
figure by open circles. The inverse level density parameter
obtained from neutron evaporation for neighboring CN '%Re
and 2°' Tl reported by Banerjee et al. [9], are shown in the same
figure (solid squares) for comparison and good agreement
between the k values obtained from different experimental
methods can be seen. For the decay of 2**Pb, the k parameter
remains constant over the energy range studied in the present
work, whereas for the decay of 180, the k value shows a
peak-like structure in the excitation energy range 28-35 MeV.
The occurrence of such deviation was reported by Banerjee
et al. [9] and attributed to the fading out of CELD in deformed
nuclei. The fadeout of collective enhancement will result in a
change in the slope of the level density which will be reflected
in the evaporated particle spectra when the intrinsic excitation
energy of daughter nuclei fall in the energy range of fadeout.
Neutrons which are evaporated from '38Os will populate the
daughter nucleus in the low excitation energy range (13—
27 MeV) where fadeout of CELD is predicted [2,5,9,14]. The
nuclei in the decay chain of '830s (18%186:187() are highly de-
formed (B8, = 0.21-0.23) [15] causing rotational collectivity
to enhance the level density. On the other hand, nuclei in the
decay chain of 2Pb are nearly spherical and as expected, no
variation in k value is observed for 2°*Pb decay in this energy
range. It can be mentioned here that neutrons which are evapo-
rated before «-particle evaporation will populate daughter nu-
clei at higher excitation energy (37-42 MeV) where the shape
of the nuclei is predicted to be spherical and will not have any
change in the neutron spectra due to fadeout of CELD.
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FIG. 4. (a) Energy-dependent collective enhancement factor ob-
tained from simultaneous fitting of the neutron spectra. (b) Neutron
spectra evaporated from '330s. Statistical model calculation using
an enhanced level density are shown by solid lines and calculation
without enhancement are shown by dashed lines. Excitation energies
of evaporating nucleus are given with each spectrum.

In order to investigate the origin of energy dependence
of k for "®80s in more detail we have performed statistical
model calculations including collective enhancement in level
density. Phenomenologically, the total nuclear level density
can be expressed as [3]

p(U) = pin(U) * Keon(U) , )

where, K.u(U) is the collective enhancement factor
and pi(U) 1is the intrinsic level density. K.on(U)
[= Kot (U)Kyib(U)]  has two components: rotational
[Kiot(U))] and vibrational ([K,i(U)]. Since, the residual
nuclei in the decay chain of '®8Os are highly deformed it
is expected that K, would be much larger than 1 whereas
K,ip = 1 except for very low energy [5,14]. This enables us to
consider Ko & K. In the present analysis the form of the
rotational enhancement factor as given by Hansen et al. [5]
was taken,

Kot = (01 = DfU)+ 1, A3)

1
f(U) - 1+ eXP[(U - Ucrit)/dcrit] . (4)

Where o, is the spin cutoff parameter perpendicular to

the symmetry axis which can be written as Uf = ‘TZT ~

0.01389A§(1 + ,32/3)\/%, 1 being the rigid body moment
of inertia perpendicular to the symmetry axis, A is the mass
number of the nucleus, 7' is temperature, and a = A/k the
level density parameter. The amplitude of the enhancement
was varied as a parameter and of in Eq. (3) was replaced by

ar,/ %, with o being treated as a parameter. The shape of the
enhancement factor depends on two critical parameters, U,
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FIG. 5. Neutron spectra for reactions ‘He + 'Tm, '8'Ta (data

taken from [9]) along with statistical model calculations (shown by
lines). Beam energies are mentioned with each spectra.
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and d.i. These two parameters along with «; were varied
to obtain simultaneous best fit for all the neutron spectra at
different excitation energies using a fixed k value. It was
observed that different combinations of o, Ui, and d
could reproduce the neutron spectra at a particular excitation
energy of the evaporating nuclei. However, the same combi-
nation was unable to explain the spectra at other excitation
energies and simultaneous fitting of the neutron spectra over
the entire excitation energy range was necessary to obtain the
correct set of parameters. The value of k (=10.5 for '%80s)
was taken from a higher excitation energy region where k
shows little variation. The values of the best fit parameters
were o; = 9.0 £2.0 and Uyir = 16.0 £ 2.0, deric = 3.0 £ 1.0
and the corresponding enhancement factor as a function of
energy is shown in Fig. 4(a). The maximum enhancement was
found to be ~6, which is of similar order to the maximum
value calculated using the shell-model Monte Carlo approach
for Sm isotopes [14]. This enhancement factor is significantly
less than the predicted value of o?. This is because the
emission spectra for low spin region are dominated by state
density rather level density [4], causing the enhancement to
be /2/mo instead of o?. The extracted collective enhance-
ment factor shows a maximum near U = 12 MeV and then
decreases. The value of the critical energy (or temperature) for
fadeout is found to be smaller than the critical values predicted
by Hansen et al. (Usy = 1208,A5 &~ 30 MeV) [5] as well
as Bjornhom et al. (T ~ 1.4 MeV; Ugir = 35 MeV) [2]
indicating that fadeout is taking place at a lower energy than
predicted.

The calculated neutron spectra with inverse level density
parameter k = 10.5 successfully reproduced the experimental
neutron spectra for "B 4 '81Ta after inclusion of rotational
enhancement and these are shown in Fig. 4(b) by solid lines.
Dashed lines show calculation with the same k value without
inclusion of rotational enhancement. It is seen from Fig. 4(b),
that inclusion of collective enhancement in the nuclear level
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FIG. 6. Free energy surfaces (FESs) of '870s and 2*Pb at differ-
ent temperatures (7). In this convention, y = 0° and —120° represent
noncollective and collective prolate shapes, respectively, and y =
—180° and —60° represent the noncollective and collective oblate
shapes, respectively. The line spacing of each contour is 0.2 MeV.
The most probable shape (MPS) is shown by a filled circle.

density gives better fit of the experimental data with k =
10.5 for all the energies. This suggests that the peak like
structure in k values for ''B + '8! Ta decay [Fig. 3(a)] is due to
noninclusion of the CELD in the statistical model calculation.

The same enhancement factor K, (U) was used to calcu-
late the neutron spectra for the reactions *He + 'Tm, '8! Ta,
reported by Banerjee et al. (Fig. 5) to investigate the mass
and deformation dependence of collective enhancement. The
k values (9.5 for *He + '°Tm and 10.5 for “He + '8! Ta) used
for these calculations correspond to those of the higher energy
region. It can be seen from Fig. 5 that all the neutron spectra
are well reproduced by the present collective enhancement
factor. It can be noticed that the same collective enhancement
explains the decay of '*Lu (*He + '®Tm), '®Re (*He +
181Ta), and '880s. This indicates that fadeout of the collective
enhancement factor (U and di) does not depend strongly
on mass and/or ground-state deformation contrary to the
suggestion by Hansen et al. [5]. Similar observations were re-
ported by Jhungans et al. [7] where deformation-independent
damping of collective enhancement was needed to explain the
experimental results.

A microscopic-macroscopic calculation of free energy sur-
face (FES) (shown in Fig. 6) for nuclei '%70Os and 2%*Pb,
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FIG. 7. B, (scale shown on left axis) corresponding to the most
probable shape of '¥’Os as a function of temperature is presented by
solid line. Collective enhancement factor (scale shown on right axis)
obtained from present measurement as a function of temperature is
also shown in the same plot by dashed line. Temperature where the
nucleus becomes oblate is indicated by an arrow.

populated after one neutron evaporation from nuclei '%3Os and
204ph respectively, has been carried out to study the evolution
of collectivity in the nucleus as a function of temperature.
The pairing correlations are incorporated in the free energy
calculations through the BCS approach [16,17]. According
to the convention used in the present calculation [18], y =
0° and —120° represent noncollective (rotation of the nu-
cleus is about the symmetry axis) and collective (axis of
rotation is perpendicular to the symmetry axis of the nu-
cleus) prolate shapes, respectively, and y = —180° and —60°
represent the noncollective and collective oblate shapes, re-
spectively. The contour line spacing is 0.2 MeV. The most
probable shape (MPS) is represented by a filled circle and the
first two minima are represented by thick lines. As the tem-
perature T increases, the MPS of the nucleus '%'Os, denoted
by the red dot in Figs. 6(a)-6(f), shows a transition from the
prolate to the oblate shape. At T = 0.2 and 0.4 MeV, the MPS
of the nucleus corresponds to a collective prolate minimum
with an axial deformation B, = 0.21 and y = —120°. But,
the FES shows a crisp minimum at 7 = 0.4 MeV. As the
temperature increases to 7 = 0.6 MeV the nucleus shows a
clear y softness with the MPS at 8, = 0.21 and y = —150°,
representing a triaxial shape. With increase in temperature
(T = 0.8 and 1 MeV) the MPS of the nucleus shows a noncol-
lective oblate shape with 8, = 0.2 and y = —180°. At T =
1.2 MeV the nucleus shows a decrease in the deformation
with 8, =~ 0.15 and y ~ —180° and the first two minima span

a smaller deformation area. As the T increases, the nucleus
shows a decrease in the deformation and the equilibrium shape
becomes spherical. *>Pb on the other hand is spherical or
nearly spherical [Figs. 6(g)—6(i)] at all temperatures.

The axial deformation value (B,) for '¥’0s corresponding
to MPS at different temperatures are shown in Fig. 7 along
with the extracted Ko as a function of temperature. It is clear
from the figure that the fadeout of collective enhancement
starts at a temperature where the nucleus undergoes a tran-
sition from collective prolate (y = —120°) to a noncollective
oblate (y = —180°) and vanishes at a temperature where the
shape becomes spherical.

In summary, evaporation neutron spectra have been mea-
sured in coincidence with evaporated « particles for CN 2Pt
and 2%®Po. The level density parameter has been obtained by
fitting the experimental neutron spectra with statistical model
prediction. A peak-like structure in the inverse level density
parameter as a function of excitation energy was observed
for the reaction ''B + '"81Ta, whereas no significant change
was observed for ''B + '°7 Au. This structure was attributed to
fadeout of CELD. Consequently, the energy-dependent collec-
tive enhancement factor was obtained from statistical model
analysis of the measured neutron spectra. The derived en-
hancement factor starts to fadeout near 12 MeV of excitation
energy and vanishes beyond 25 MeV, which is smaller than
the predicted fadeout energy values [2,5]. Critical parameters
of the enhancement did not show any significant dependence
with mass and/or deformation over the studied mass region.
Free energy surface calculation for the nuclei '%’Os shows
collective prolate (y = —120°) to noncollective oblate (y =
—180°) shape transition at 7 = 0.8 MeV which is consistent
with our experimental observation. FES calculation for 2**Pb
shows nearly spherical shape over the studied energy range
which is in agreement with the energy-independent k value.
This result will be helpful in furthering our understanding of
the statistical properties of atomic nuclei.
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