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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 (173Lu, 185Re), and one spherical (201Tl) 
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 172Lu and 184Re 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 
200Tl. This is due to a similar shape transition of the deformed excited state configuration of 200Tl.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Understanding the single particle and collective properties of 
atomic nuclei in general, and nuclear level density (NLD) in par-
ticular is of utmost importance for proper quantitative explana-
tion of the wide range of physical processes in nuclear physics, 
astrophysics as well as nuclear technology. The manifestation of 
the two (single particle and collective) properties may sometimes 
be closely inter linked; 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]. Con-
sequently, 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 under consideration. The fadeout of collective en-
hancement in NLD is however, yet to be ‘observed’ experimentally. 
An unambiguous experimental confirmation of its existence is cru-
cial for the validation of theoretical models as well as for realistic 
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prediction of important 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 ρ(E∗, J ) at excitation energy E∗ and angular momentum 
J is expressed as [4],

ρ(E∗, J ) = ρint(E∗, J )Kcoll(E∗), (1)

where ρint(E∗, J ) is the intrinsic single particle level density, and 
Kcoll (= Krot K vib), Krot , K vib are the total, rotational and vibrational 
enhancement factors, respectively. Microscopic shell model studies 
[5] have predict 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 vib << Krot is negligible (� 1) except at very low 
excitations (typically � 5 MeV). Beyond a critical value of excita-
tion energy (temperature), E∗

cr (Tcr ), the enhancement fades out 
(Kcoll(E∗

cr) � 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∗

cr ∼ 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 E∗

cr ∼ 120A1/3β2

[5]. In an another independent work Björnholm et al. have esti-
mated the critical temperature Tcr ∼ 40A−1/3β MeV for this tran-
sition, where β 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 α-particle evaporation study of 
the compound nucleus 178Hf∗ (β = 0.278) yielded a null result 
[12]. However, our recent neutron evaporation study on axially 
deformed nuclei, 185Re∗ and 169Tm∗ , 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 172Lu 
and 184Re 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 200Tl, 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 4He 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 169Tm (thickness ∼ 1.15 mg/cm2), 181Ta 
(thickness ∼ 1.3 mg/cm2) and 197Au (thickness ∼ 3.1 mg/cm2) 
were used as targets to populate the compound nuclei 173Lu∗
(β ∼ 0.286), 185Re∗ (β ∼ 0.221) and 201Tl∗ (β ∼ −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 BaF2 γ -ray detector 
array when at least two detectors of the array fired simultaneously 
[25]. The BaF2 array was split into two equal parts which were 

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 γ 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 201Tl∗ 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, ρint(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 = ã f (U , J , δW , γ ), U = E∗ − Erot( J ) +
δP , Erot( J ) being the rotational energy and δP the pairing cor-
rection. Function f (U , J , δW , γ ) incorporates the effects of shell 
correction and its damping at higher excitation, where δW and γ
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 ã = A/k, 
where k is called the inverse level density parameter and ã 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 > =∑

(Ui wi)/ 
∑

(wi), where Ui is the excitation energy of the i-th
nuclei in the decay chain and wi is the corresponding yield of 
neutrons. The average residue < A > was calculated in the same 
the way, which were 172Lu, 184Re and 200Tl up to 35 MeV beam 
energy, and 171Lu, 183Re and 199Tl 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 173Lu∗ and 185Re∗ , 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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