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The phenomenon of collective enhancement in nuclear level density and its fadeout has been probed
using neutron evaporation study of two strongly deformed ('73Lu, '8°Re), and one spherical (2°TI)
compound nuclei over the excitation energy (E*) range of ~ 22-56 MeV. Clear signature of the fadeout
of collective enhancement in nuclear level density was observed for the first time in both the deformed
evaporation residues 72Lu and 84Re at an excitation energy range ~ 14-21 MeV. Calculations based on
finite temperature density functional theory, as well as macroscopic-microscopic shape transition model,
have strongly established a close correlation between the observed fadeout of collective enhancement
and a deformed to spherical nuclear shape transition in these nuclei occurring in the same excitation
energy zone. Interestingly, a weak signature of fadeout has also been observed for the spherical residue
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2007], This is due to a similar shape transition of the deformed excited state configuration of 20TI,
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Understanding the single particle and collective properties of
atomic nuclei in general, and nuclear level density (NLD) in partic-
ular is of utmost importance for proper quantitative explanation of
a wide range of physical processes in nuclear physics, astrophysics
as well as nuclear technology. The manifestation of the two (sin-
gle particle and collective) properties may sometimes be closely
interlinked; this is at least the case for nuclear level density,
where the degree of mixing is decided by the intricate interplay
of single-particle and collective excitations [1-3]. Consequently, it
was predicted, both phenomenologically as well as microscopically
[4-7], that there should be an enhancement of NLD over its single
particle value due to collectivity, which would subsequently get
damped at higher excitation. This phenomenon of enhancement
and its fadeout in NLD is assumed to depend on various factors
like ground state deformation, excitation energy of the nucleus un-
der consideration. The fadeout of collective enhancement in NLD is
however, yet to be ‘observed’ experimentally. An unambiguous ex-
perimental confirmation of its existence is crucial for the validation
of theoretical models as well as for realistic prediction of impor-
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tant reaction rates, cross sections, which are required in various
areas of current interest, from the synthesis of superheavy nuclei
to stellar nucleosynthesis problems. In the present letter, we report
such a direct experimental evidence of collective enhancement in
NLD and its fadeout in highly deformed nuclei. Microscopic origin
of this phenomenon is also explained with theoretical calculations.

Phenomenologically, collective contribution in the nuclear level
density p(E*, J) at excitation energy E* and angular momentum
J is expressed as [4],

P(E*, ) = pint(E*, ])Kcou(E™), (1)

where pine(E*, J) is the intrinsic single particle level density, and
Kot (= KrotKyip), Krot, Kyip are the total, rotational and vibrational
enhancement factors, respectively. Microscopic shell model studies
[5] have predicted that, for nuclei with finite ground state defor-
mation, rotational collectivity causes large enhancement of NLD
(Krot ~ 100) up to moderate excitation (typically, ~ 20-30 MeV).
In comparison, K,j, << Kot is negligible (~ 1) except at very low
excitations (typically <5 MeV). Beyond a critical value of excita-
tion energy (temperature), EY. (T¢), the enhancement fades out
(Keon(E%) ~ 1) and NLD is purely of single particle in nature. This
phenomenon is predicted to be due to the deformed to spheri-
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cal shape phase transition of the nucleus when it can no longer
support rotational bands [6,8,9,7]. Microscopic calculations indi-
cated that this fadeout transition is fairly sharp and takes place
at a critical energy E¥, ~ 18-25 MeV [6,9]. Phenomenologically it
was estimated that this transition may be represented by a Fermi
distribution-like function with a critical energy EZ, ~ 120A1/342
[5]. In an another independent work Bjoérnholm et al. have esti-
mated the critical temperature T ~ 40A~1/38 MeV for this tran-
sition, where B is the ground-state deformation [10]. However, the
sharpness of this transition may be considerably blurred if thermal
shape fluctuations are incorporated in the calculation, as will be
shown later.

On the experimental front, however, the phenomenon of damp-
ing of collectivity and vis-a-vis the fadeout of collective enhance-
ment in NLD has so far eluded direct detection. An indirect signa-
ture of collective enhancement was obtained by Junghans et al. to
explain the production cross sections of projectile-like fragments
produced in high energy fragmentation of uranium and lead [11].
On the other hand, the attempt to extract direct evidence of en-
hancement and its fadeout from «-particle evaporation study of
the compound nucleus 78Hf* (8 = 0.278) yielded a null result
[12]. However, our recent neutron evaporation study on axially
deformed nuclei, 18°Re* and '%9Tm*, has provided positive indica-
tions of the onset of the phenomenon, though proper identification
of the transition zone could not be possible due to limited range
of the data [13]. Therefore, the challenge is two-fold: firstly, to ex-
tract direct experimental evidence on the fadeout of enhancement
of NLD at higher excitation by identifying the transition zone, and
secondly to establish its link with the damping of collectivity and,
vis-a-vis, a deformed to spherical shape transition of the nucleus.
In this letter, we present the first direct evidence on the existence
of fadeout of collective enhancement in NLD in deformed !72Lu
and '8Re nuclei from an experimental study of respective evapo-
ration neutron energy spectra from the corresponding compound
nuclei. The correlation between the observed fadeout of collec-
tivity and shape transition in these nuclei has also been investi-
gated in the framework of two theoretical approaches: the Finite
Temperature Density Functional Theory (FT-DFT) [14-17] and the
macroscopic-microscopic shape phase transition model (MMSTM)
[18-20]. Surprisingly, even in the case of spherical 29°Tl, a weak
but distinct signature of enhancement and the fadeout was visible;
this has been explained in terms of nuclear structure consideration
[21,22].

The prime objective of the present experiment was to probe the
variation of level density parameter a directly from the respective
backward angle neutron evaporation data for both deformed and
non-deformed nuclei over the whole range of excitation energy
of interest (encompassing the transition zone: E* ~ 20-50 MeV).
The experiment was carried out using “He ion beams of inci-
dent energies in the range of 26-60 MeV from the K130 cy-
clotron at the Variable Energy Cyclotron Centre (VECC), Kolkata.
Self-supporting foils of 1%¥Tm (thickness ~ 1.15 mg/cm?), 1¥1Ta
(thickness ~ 1.3 mg/cm?) and '97Au (thickness ~ 3.1 mg/cm?)
were used as targets to populate the compound nuclei 73Lu*
(B ~ 0.286), 185Re* (B ~ 0.221) and 20'TI* (8 ~ —0.044), respec-
tively in the excitation energy range ~ 22-56 MeV [23]. The emit-
ted neutrons were detected using four liquid scintillator detectors
[24] placed at the laboratory angles of 90°, 105°, 120° and 150° at
a distance of 1.5 m from the target except for the measurement at
lowest beam energy of 26 MeV, where the detectors were kept at
75 cm from the target. Energies of the emitted neutrons were mea-
sured by the time-of-flight (TOF) technique, where each valid start
of the TOF was generated from a 50-element BaF, y-ray detector
array when at least two detectors of the array fired simultaneously
[25]. The BaF, array was split into two equal parts which were
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Fig. 1. Measured neutron energy spectra (symbols) at four incident energies shown
along with the respective statistical model fits (curves). Solid circle, hollow square,
star and solid triangle represent data at incident energies of 26, 30, 35 and 40 MeV
respectively.

placed in staggered-castle type geometry, on top and bottom sides
of the thin walled target chamber. The neutron and y separation
was achieved by both TOF and pulse shape measurements. Details
of the experimental technique have already been described in our
earlier papers [13,26-28].

The neutron data at the most-backward angle (150°) were used
for the present analysis as the contribution of any direct compo-
nent is minimum at this angle. To focus on the possible transition
zone, the extracted centre of mass (c.m.) neutron kinetic-energy
spectra from the decay of 173Lu*, 185Re* and 20'TI* at four low-
ermost incident energies of 26, 30, 35 and 40 MeV have been
displayed in Fig. 1. The slopes of the spectra at 26 and 30 MeV
are distinctly different from those at 35 and 40 MeV for all the
three cases. The experimental neutron energy spectra were com-
pared with the respective statistical model (SM) calculations using
the code GEMINI++ [29]. Here, pin:(E*, J) is calculated using back
shifted Fermi gas model [30]. Shell effect and its washing out with
excitation energy was incorporated using the energy dependent
level density parameter a=a f(U, J,é6W,y), U=E* — E;oc(]J) +
8P, Erot(J) being the rotational energy and §P the pairing cor-
rection. Function f(U, J,8W,y) incorporates the effects of shell
correction and its damping at higher excitation, where §W and y
are the shell correction energy and shell damping coefficient, re-
spectively [29,31]. The shape of the neutron evaporation spectrum
is mostly determined by the value of the level density parameter
which was estimated in terms of the best-fit values of a = A/k,
where k is called the inverse level density parameter and a is the
asymptotic (intrinsic) value of a at high excitation energies. The
best-fit values of k for all the three systems at various excitation
energies are shown in Fig. 2.

In the compound nuclear decay process, neutrons are emitted
from different stages of the decay cascade. Therefore, the average
thermal excitation energy < U > was estimated using < U > =
> (Uiwi)/ Y (w;), where U; is the excitation energy of the i-th
nuclei in the decay chain and wj; is the corresponding yield of
neutrons. The average residue < A > was calculated in the same
the way, which were 172Lu, 184Re and 2%°T] up to 35 MeV beam
energy, and '7'Lu, 183Re and 9Tl above 35 MeV (except 60 MeV).
However, it is interesting to note that all the isotopes of Lu, Re,
and Tl in the decay chain are having similar ground state deforma-
tion [23].

It is evident from the Fig. 2 that, for the decay of deformed
nuclei 73Lu* and '8°Re*, there is a sharp change (relative in-
crease) in the value of inverse level density parameter k within the
compound nuclear excitation energy interval of 27-37 MeV, which
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Fig. 2. Inverse level density parameter plotted as a function of initial excitation
energy of the compound nuclei. Experimental points are shown in symbols, lines
represent systematics (see text).

corresponds to < U > ~ 14-21 MeV for evaporation residues (ER)
1721y and '84Re. This amounts to an abrupt decrease in NLD in
both the deformed cases at < U > ~ 14-21 MeV. This sudden fall
of NLD is a signature of fadeout of collective enhancement in NLD.
Interestingly, in case of spherical nucleus 2°1TI* too, a weaker but
distinctly abrupt variation of k is observed in the same excitation
energy region. Excluding this transition zone, the overall trend of
k as a function of excitation energy matches with the standard
empirical systematics ks(U) = ko + «(U/A), as shown by the con-
tinuous line in the Fig. 2 [28,29]. This signifies that, beyond the
fadeout region, NLD is purely single particle in nature. This is a
clear and most direct signature of fadeout of collectivity in NLD
in the two deformed nuclei - provided the observation of similar,
though weaker, signature of fadeout for spherical nucleus 2%°TI can
be explained properly. Interestingly, though all three systems were
having different ground state deformations, the transition seems
to occur at nearly same excitation energy region. This will be dis-
cussed further in the following paragraphs.

In statistical model, the temperature is related to NLD by the
relation,

1 dinp 9
T d<U>" 2)
So any abrupt variation in NLD would reflect a similar variation in
the temperature, which is likely to provide another direct signature
of fadeout of collective enhancement. Assuming complete thermal-
isation, the apparent temperatures Tqp, have been extracted by fit-
ting evaporated neutron energy spectra using Maxwell distribution,
which are shown as function of < U > in the Fig. 3. Data were
also fitted with Tgpp o< +/< U > distribution. It is clear from Fig. 3
that there is a significant deviation (rise) in Tqp, from the empir-
ical systematics (Tgpp o< +/< U >) for both 172Lu and '3*Re nuclei
in the excitation energy range 14-21 MeV, whereas a weaker (but
identifiable) deviation is also observed for the nucleus 200TI*. The
observed hump in Tgpp corresponds to a sudden change in NLD
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Fig. 3. (Colour online.) Apparent temperature as a function of average excitation en-
ergy of the daughter nuclei. Symbols are experimental points, solid lines represent
systematics, and dotted lines are to guide the eye. Shaded region is the fadeout
zone.

(from Eq. (2)), which provides another clear and straightforward
signature of fadeout of collective enhancement in NLD for the de-
formed Lu and Re nuclei. At the same time, the conjecture of
something similar also happening for 2°0TI, though on a weaker
scale, is not ruled out.

It is very interesting to note here that the change over in in-
verse level density parameter k and temperature T is taking place
in the excitation energy region where Giant Dipole Resonance
(GDR) occurs [32], which is a collective phenomenon in atomic
nuclei. GDR decay built on excited states competes with the neu-
tron decay but with small branching ratio. Thus, in order to study
the effect of GDR emission, the statistical model calculations were
carried out by including the GDR decay using our recent mea-
surements with alpha beams [33]. It was observed that the GDR
branching ratio is very small T, /T, ~ 10~ for both 7 Lu and
201T] at 26 and 50 MeV, which clearly indicates that GDR decay
has negligible effect on the neutron evaporation spectra.

The microscopic origin of the fadeout of collective enhancement
in NLD was investigated under the framework of finite temperature
density functional theory [14-17] using the symmetry-unrestricted
DFT solver HFODD (v 2.73y) [34]. The static (equilibrium) defor-
mation Beq of the system at each temperature was extracted by
minimising Vy, the difference between the (deformed) ground-
state free energy and that corresponding to spherical shape. Vj
is the measure of dynamical hindrance for the excited nucleus to
reach the spherical configuration. The transition point corresponds
to the temperature when T¢ ~ Vg, where the effective hindrance
vanishes and the system can move towards spherical shape due
to thermal fluctuation. Vo as a function of temperature is shown
in Fig. 4 (inset). The evolution of Be; as a function of temper-
ature has been shown in Fig. 4 (upper). It is evident from the
figure that such transition takes place as the temperature goes
above 1.7 MeV for 7?Lu and ~ 1.3 MeV for '84Re, which is very
close to the temperature of our concern. In addition, an excited
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Fig. 4. (Colour online.) Equilibrium deformation Bq (curve) and the corresponding
thermal shape fluctuation (shaded area) plotted as a function of temperature. Solid
(red), dash (blue) and dash dotted (pink) lines represent '72Lu, 84Re and 200TI,
respectively. The variation of Vo with temperature is shown in the inset.

system can also access different configurations leading to thermal
shape fluctuations (AB) around Beq. The evolution of Ag as a func-
tion of temperature has been illustrated in Fig. 4. It is seen that
Ap grows with temperature and beyond some point (= 0.8 MeV),
shape evolution profiles of the two systems significantly overlap,
leading to washing out of the variation of T, between the two sys-
tems. This explains the present experimental observation of same
fadeout transition zone in both systems. Independent theoretical
calculation using macroscopic-microscopic shape phase transition
model [18-20] also produced almost identical result (see Fig. 4
(lower)).

At this point, the case of spherical 2°°T] needs special atten-
tion. As expected, the above theoretical calculations do not predict
any signature of shape transition in 2°°TI, though the data indi-
cate the presence of weak shape transition in this case too. The
ground state shape of all Tl nuclei are known to be spherical;
however, 20°T] becomes deformed at very low excitation energy
of about 1 MeV due to the large deformation driving effect of the
hg/> intruder orbital. The effect of the high-j intruder proton hg/,
orbital and neutron i3/, orbital is inducing deformed shapes in
both odd-even and odd-nuclei persists up to 291Tl [22]. The de-
formed shapes are experimentally realised from the observation
of rotational bands in 2°Tl having oblate deformation of g ~ 0.1
[21]. This explains the observation weak fadeout signature in 200TI
though it is spherical in the ground state; it further establishes
the correlation between the enhancement of NLD and deforma-
tion.

In summary, sudden increase in inverse level density param-
eter k and temperature T indicates the fadeout of collective en-
hancement in NLD for deformed nuclei 72Lu and 84Re. In the
case of spherical nucleus 2°°Tl too, a weaker signature of en-
hancement and fadeout of NLD was seen. The definite signature of
fadeout (sudden drop of NLD) was observed in the average excita-
tion energy range of 14-21 MeV, irrespective of the mass number
or deformation of the nuclei. The experimental trends have been

qualitatively confirmed by two microscopic theories (FT-DFT and
MMSTM), both of which predict deformed to spherical shape tran-
sition for 172Lu and '84Re at a temperature which is close to the
observed fadeout temperature. The presence of thermal shape fluc-
tuation leads to blurring of the sharpness of the transition, which
explains the observation of the almost same fadeout zone irre-
spective of deformation. Moreover the admixture of higher chance
neutron emission in the evaporation spectra leads to further blur-
ring of transition zone information. In the case of spherical nucleus
2007} a]s0, the apparently contradictory observation of weak signa-
ture of enhancement of NLD can be explained in terms of shape
transition of the deformed excited state configuration of 2%0Tl orig-
inating from its shell structure. Therefore, it may be concluded that
the observation of fadeout transition in all the three cases and
their correlation with the deformed to spherical shape transition
are unequivocally established through the present experimental
study for the first time.
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