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Collective enhancement of nuclear level density and its fade-out in 161Dy
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The nuclear level density is a fundamental quantity in nuclear physics, governing various nuclear reactions and
astrophysical processes. In this study, we report on the collective enhancement of nuclear level density and its
fade-out with excitation energy in the deformed 161Dy, obtained through an exclusive measurement of neutron
evaporation spectra. The 162Dy nucleus was populated via the transfer of a triton in a 7Li-induced reaction
on 159Tb. Statistical model analysis of the neutron spectra revealed a large collective enhancement factor of
42±2, consistent with microscopic calculations. This enhancement factor is similar to the one obtained for mass
A ∼ 170 in our previous measurement. The energy-dependent collective enhancement over a wide range of
excitation energies was inferred by combining the present results with the available Oslo level density below the
neutron binding energy.
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I. INTRODUCTION

The atomic nucleus poses a complex many-body problem,
compounded by a limited understanding of the fundamental
internucleon interaction. To establish a correlation between
experimental data and develop a more comprehensive theory,
simplified models such as the shell model and the rotational
model have been proposed [1,2]. The equilibrium shape of
a nucleus is deformed due to its shell structure, which, in
turn, is linked to its rotational degrees of freedom. Given
the complexity of nuclear forces and the large number of
degrees of freedom involved, symmetry properties play a
crucial role in characterizing nuclear states. One important
aspect of nuclear states is the nuclear level density (NLD),
defined as the number of levels per unit MeV energy, which is
crucial for predicting and interpreting the outcomes of many
nuclear reactions. The NLD plays a key role in describing
the thermodynamic properties of an excited nucleus, such as
temperature and entropy, as well as the decay probabilities
of particle emissions from compound nuclear processes using
statistical models [3]. This makes NLD relevant in estimating
low energy astrophysical reaction rates [4,5], studying giant
resonances [6], and determining reaction rates relevant to
energy and isotope production in medical applications [7].

Understanding NLD involves investigating various aspects.
These include the role of shell effects and nuclear deforma-
tion [8,9], temperature-dependent behavior, the influence of
nuclear structure and pairing correlations [10], the impact of
nuclear reactions, and the connection to astrophysical pro-
cesses. By studying these factors, we can gain insights into
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the fundamental nature of NLD and its implications in nuclear
physics and astrophysics.

By considering the nucleus as a collection of noninteract-
ing fermions, Bethe [11] derived the level density formula and
expressed it as

ρ(Ex ) = 1

12
√

2σ

exp (2
√

aEx )

a1/4E5/4
x

, (1)

where Ex is the excitation energy of the nucleus and a is
the level density parameter with a = π2g/6, g is the single-
particle level density evaluated at the Fermi energy. However,
this expression does not consider the observed variations
in level densities for different types of nuclei (even-even,
odd-even, even-odd, and odd-odd). Bethe formula is a good
approximation for explaining the NLD at high excitation en-
ergy. However, it becomes inadequate at low energy due to the
dominance of nuclear structure effects, such as shell effects
and collective excitations, and pairing correlations. Several
subsequent works have aimed to include these effects in the
level density parameter a and excitation energy Ex. The cor-
rection in excitation energy is referred to as the back-shifted
Fermi gas (BSFG) model [12]. Another widely used model for
describing experimental NLD at low energy is the constant
temperature model [13]. More recently, microscopic models
such as Hartree-Fock-Bardeen Cooper Schrieffer [14], HF-
Bogoliubov with combinatorial method [15], and shell model
Monte Carlo [16,17], have been successful in accurately
predicting NLD at low energy ranges, taking into account
correlations and structure effects.

To gain more insight into nuclear rotational motion, one
can investigate NLDs at excitation energies where statistical
principles can be utilized. If collective rotational motion is
present, it suggests that there are more degrees of freedom
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for low-energy excitations, which could result in a substantial
increase in the total NLD.

Collective effects are a natural occurrence when extract-
ing microscopic level density. However, phenomenologically,
these effects can also be introduced explicitly by incorporating
collective enhancement factors into an intrinsic Fermi gas
level density. For a deformed nucleus, a large contribution
from collective states, known as collective enhancement, is
anticipated in addition to the intrinsic level density. The total
level density for a deformed nucleus can be expressed as

ρtot = ρintKvibKrot, (2)

where Kvib and Krot represent the vibrational and rotational
enhancement factors, respectively. The contribution from vi-
brational states is limited due to their large energy spacings,
accounting for only a small factor of ∼2 of the total level
density in a fully deformed nucleus.

To obtain the level density for a specified spin J of
an axially symmetric deformed nucleus, the intrinsic states
with specified K (spin projection on the symmetry axis) are
summed over

ρ(EX , J ) =
J∑

K=−J

1√
8πσ⊥

e
−K2

2σ2 ρint (EX − Erot ). (3)

This level density was obtained in the earlier works of Bohr,
Mottelson, and Björnholm for an axially symmetric deformed
nucleus and resulted in a factor of σ 2

⊥ higher than for a
spherical nucleus. σ⊥ is the perpendicular spin cut-off pa-
rameter that describes the width of the spin distribution along
the perpendicular axis. For Lanthanides, σ⊥ ≈ 11

√
T (MeV),

which implies a rotational enhancement factor of around 100
at nucleon binding energies.

As the excitation energy of the nucleus increases, the
strength of the coupling between the intrinsic and collective
states also increases. However, this coupling eventually di-
lutes the collective nature of the levels over the neighboring
intrinsic states. This leads to the fading out of the collective
enhancement at high excitation energies. Experimental studies
have been carried out to observe this phenomenon, including
measurements of nuclear level densities, γ -ray strength func-
tions, and other related observables.

In the past, Jhungans et al. [18], in a projectile fragmenta-
tion experiment, pointed out the necessity for the inclusion
of collective enhancement to explain the observed experi-
mental data. On the contrary, in the work of Komarov et al.
[19], no fade-out of enhancement was observed in the region
studied. Recently many experimental observations [20–22]
confirmed the collective enhancement of NLD and its fade-out
although the measured magnitude of enhancement does not
match with the theoretical predictions. The observed collec-
tive enhancement factor is roughly about ∼8–10 and fade-out
happened around ∼14 MeV.

In our recent measurement [23], we have inferred the col-
lective enhancement of NLD in the deformed 171Yb nucleus,
along with its fade-out with excitation energy. This inference
was made through an exclusive measurement of neutron spec-
tra. The statistical model analysis of these spectra revealed
a significant collective enhancement factor of 40 ± 3, which

is consistent with recent microscopic model predictions but
stands out as an anomalous result compared to measurements
in nearby deformed nuclei. Importantly, we highlight the sig-
nificance of the large collective enhancement in the radiative
neutron capture cross section, which holds astrophysical rel-
evance. These findings emphasize the importance of further
experimental investigations to refine our understanding of
collective enhancement in NLD and its potential impact on
nuclear reactions.

The present work focuses on the determination of the nu-
clear level density of 161Dy, which is produced through an
incomplete fusion reaction using weakly bound 7Li projec-
tiles. The 7Li nucleus has a cluster structure with a dominant
reaction mechanism of breakup or transfer capture of one of
the clustered parts to the target nucleus. In this case, the 7Li
nucleus is mainly composed of an α particle and a triton,
and triton transfer or breakup fusion is the dominant pro-
cess during an incomplete fusion reaction. The compound
nucleus 162Dy was populated by capturing a triton in the
159Tb nucleus. The NLD was then extracted by measuring the
evaporated neutron spectra from 162Dy.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the BARC-TIFR 14UD
Pelletron laboratory at Mumbai. A pulsed 7Li beam [width
∼1.5 ns (FWHM) and period ∼107 ns] with an energy of
40 MeV was directed at a self-supported 159Tb target, which
had a thickness of 2.8 mg/cm2. The target thickness was
determined using weighing and was mounted on stainless
steel frames. A blank frame was also employed to estimate
any scattering caused by the beam hitting the target ladder.
A current integrator was utilized to monitor the total beam
incident on the target.

In order to detect the outgoing α particles in the break-
up/transfer channel of 7Li, two �E -E telescopes (5 cm ×
5 cm) were employed, each consisting of a double-sided sili-
con strip detector (DSSD). The telescopes were positioned at a
distance of 10 cm from the target center, at an average angle of
±60◦ relative to the beam direction. The �E and E detectors
had thicknesses of 50 μm and 1500 μm, respectively. Each
DSSD had 16 strips on each side and covered an angular
range of 25◦. α particles were identified using the Bethe-Bloch
energy loss technique in strip telescopes, these α particles
were then used to find the neutrons in coincidence.

Evaporated neutrons from the compound nucleus were
detected using an array of 15 liquid scintillation (LS, EJ301)
detectors arranged in circular geometry [24]. The detector
array was placed 70 cm from the target center at angles
ranging from 58◦ to 143◦ with respect to the incident
7Li beam. The standard pulse-shape discrimination (PSD)
technique was used for unambiguous detection of neutrons
against γ rays. Neutron energy spectra were determined using
the time-of-flight (TOF) method, which involved measuring
the time taken for neutrons to travel from the target to the
detectors using the pulsed beam bunched with a period of
approximately 107 ns.

All signal readouts from LS detectors and strip detec-
tors had been recorded in list mode using a Versa Module
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FIG. 1. A standard 2D plot illustrating the energy loss of parti-
cles in one of the strips of a �E -E telescope.

Europa based data acquisition system. A shadow pyramid bar
of iron plates was kept in front of the LS detector array to
estimate the scattered neutron contribution from the surround-
ings. The beam dump was shielded with borated paraffin and
lead blocks to reduce the background.

A typical two-dimensional (2D) plot of the energy loss of
particles in the �E and E strip detectors for one of strips is
shown in Fig. 1. It is observed that the α particles are well
separated from 7Li. The PSD in relation to the TOF for the
7Li + 159Tb reaction is displayed in the top panel of Fig. 2,
while the bottom panel depicts the TOF spectra gated with
α particles. To extract the absolute neutron TOF, the prompt
γ signal illustrated in Fig. 2 was used as a reference. The
inset in Fig. 2 shows the α energy distribution peaking at
∼22 MeV, which corresponds to the energy of the beam veloc-
ity. Different energy bins were identified to obtain the neutron
spectra for various excitation energies. The neutron TOFs
were subsequently converted into neutron energy spectra us-
ing appropriate Jacobian factor. The efficiency of neutron
detectors as a function of incident energy and threshold were
estimated using a Monte Carlo simulation [24], which was
validated using measured neutrons from 7Li(p, n) reaction.
The efficiency corrected neutron energy spectra after convert-
ing into the center of mass are shown in Fig. 3. In the center of
mass frame, it is also observed that the forward and backward
spectra exhibit symmetry around 90◦. This symmetry implies
that the emission of neutrons originates from a statistically
equilibrated system.

III. RESULTS AND DISCUSSION

In order to quantify the collective enhancement, if at all
reflected in the neutron spectra, we compared the experimen-
tally measured neutron spectra with statistical model code
CASCADE [26]. The code has been very successful in ex-
plaining the evaporation spectra. The following EX and J
dependent level density expression has been used in the CAS-
CADE code,

ρ(Ex, J ) = (2J + 1)
√

a

12U 2

(
h̄2

2�
)3/2

e2
√

aU , (4)

FIG. 2. (Top) The pulse shape discrimination (PSD) as a function
of time of flight (TOF) in the 7Li + 159Tb reaction. The prompt γ

rays and neutrons are clearly separated. (Bottom) A typical TOF
in the 7Li + 159Tb reaction, specifically for the central energy bin
of α particles. Two representative neutron energies are indicated by
arrows, highlighting their positions in the TOF spectrum. The inset in
the figure displays the projected α energy spectrum with three energy
bins indicated for reference.

where U is defined as U = EX − Erot − �P, with �P being
the pairing energy calculated using �P = 12√

A
and Erot rep-

resenting the rotational energy given by Erot = ( h̄2

2� )J (J + 1),
where � denotes the moment of inertia defined as � = I0(1 +
δ1J2 + δ2J4) with I0 being the rigid body moment of inertia,
and δ1, δ2 representing the deformability parameters of a liq-
uid drop nucleus [27].

The expression for the level density parameter a has
been parametrized using the Ignatyuk prescription [28] as
a = ã[1 − �S

U (1 − e−γU )], where ã represents the asymptotic
value of the NLD parameter in the liquid drop region. �S

denotes the shell correction energy, which is calculated as the
difference between the experimental binding energy and the
binding energy calculated from the liquid drop model (LDM).
γ represents the damping parameter [29].

The CASCADE code has the feasibility to include collec-
tive enhancement (Kcoll) explicitly, and is modeled as

Kcoll = 1 + Aen(1 + exp[(E − Ecr )/dcr])−1, (5)

where Aen represents the maximum factor by which enhance-
ment is collectively increased, Ecr denotes the energy at which
the enhancement decreases to half of its maximum value, and
dcr represents the width of the transition region.

Although the statistical model does not consider many
details of the nuclear interactions, the empirical parameters
determined by the fitting of experimental data reflect the
collective enhancement, shell effects, the pairing effects, etc.
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FIG. 3. Comparison of neutron spectra with a statistical model
calculation using the level density parameter A/8.5 MeV−1. Solid
line shows calculation with collective enhancement (CASCADE-
CE) and dashed line is without collective enhancement (CASCADE).
Three excitation energies (a) 26.3 MeV, (b) 27.3 MeV, and (c)
28.3 MeV, respectively, for three α energy gates (III, II, and I) as
shown in inset of Fig. 2.

Figure 3 presents a comparison of neutron spectra obtained
at three different excitation energies with CASCADE results.
The dashed lines (CASCADE) in the figure represent CAS-
CADE calculations without considering collective enhance-
ment, while solid lines includes this effect (CASCADE-CE).
The CASCADE statistical model calculation matches the low-
energy neutron part, which has a constant slope, and collective
enhancement is added to reproduce the experimental results.
This is achieved by adjusting the inverse level density pa-
rameter k (defined as k = A/a) and collective enhancement
function parameters (Aen, Ecr , and dcr) in the CASCADE
input. The inverse level density parameter k = A/8.5 MeV−1

was used in the calculation. The value k was determined by fit-
ting to the low-energy neutron spectra (<6 MeV), and then the
enhancement function parameters were subsequently modi-
fied to reproduce the experimental data. The best parameters
were determined by simultaneously fitting the three excitation
energies, yielding a maximum collective enhancement factor
of 42 ± 2, and values of Ecr and dcr at 8.5 ± 0.5 MeV and
1.2 ± 0.2 MeV, respectively.

One difficulty in extracting the NLD from evaporation
spectra is the influence of multiple decay steps. During these
decay steps, the evaporated particles sample the NLD of
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FIG. 4. The normalized level density as a function of excitation
energy is depicted in the plot with Oslo data represented by open
circles [25] and the present experiment by filled circles. The NLD
is normalized to the level density at the neutron resonance point
(NR), indicated by a triangle. The dashed red line represents the
intrinsic level density from the Fermi gas model (FGM), while the
blue solid line represents the Fermi gas level density with collective
enhancement [FGM(CE)]. Solid orange line shows the level density
from constant temperature + Fermi gas model (CT+FGM).

multiple nuclei, resulting in an “average” NLD. However, if
particle evaporation is restricted to the first step only, this diffi-
culty can be avoided. In the present case, the excitation energy
of 162Dy led to the predominant emission of high-energy
neutrons (>5 MeV) in the first step of neutron emission. The
CASCADE calculations for EX = 27.3 MeV show that, above
6 MeV, the first step’s contribution is more than 80%, and
above 8 MeV, it is 100%. This implies that the collective
enhancement extracted in this measurement pertains to 161Dy.

Our primary objective is to determine the excitation
energy-dependent level density, which cannot be fully ex-
tracted from neutron spectra without being influenced by a
particular model. To address this issue, a model-independent
method has been developed to obtain the total level density.
The initial step involves fitting the center-of-mass neutron
spectra to a CASCADE calculation that employs the pre-
scribed level density [in the present case Eq. (4)]. Then using
this NLD prescription with collective enhancement inclusion
we looked for the optimal value of the level density parameter
a that provides the best fit to the experimental data. Once
these optimal fits are obtained, the total NLD for the residual
nucleus following the emission of one neutron at a specific
excitation energy is extracted using the expression [30]

ρ(Ex ) ∝ (dσ/dEn)M

(dσ/dEn)T
ρT (Ex ). (6)

The ρT (Ex ) was determined by adding up the NLDs that best
fit the data for all values of angular momentum. (dσ/dEn)M

and (dσ/dEn)T are the measured and cascade-predicted dif-
ferential neutron cross sections, respectively.

044317-4



COLLECTIVE ENHANCEMENT OF NUCLEAR LEVEL … PHYSICAL REVIEW C 108, 044317 (2023)

 1

 10

 100

 20  40  60  80  100  120  140

(a)
K

co
ll

Ex(MeV)

CASCADE
161Dy(present)

161Dy(Oslo)
168Yb(0.32)
161Dy(0.32)

169Tm
168Er

168Tm

 5  10  15  20

(b)

Ex(MeV)

FIG. 5. (a) The enhancement factor as a function of excitation
energy, obtained by comparing the level density calculations incor-
porating Kcoll (collective enhancement) in the CASCADE model
to the constant temperature+Fermi gas model (CT+FGM), referred
to as CASCADE. Also presented are the combined enhancement
extracted from Oslo data along with the present measured enhance-
ment. Experimental enhancement factors for various nuclei [22] are
also included. Additionally, the enhancement function extracted from
Hansen and Jensen’s prescription [32] is showcased for the nuclei
168Yb and 161Dy which have β2 = 0.32. (b) Represents the zoomed
part of (a) marked in dashed box.

In order to derive the absolute total nuclear level den-
sity of 161Dy as a function of excitation energy, the relative
nuclear level density ρ(Ex ) was modified by normalizing it
with the level density 2.1×106 MeV−1 obtained from neutron
resonance data [31] at the neutron binding energy 6.45 MeV.
The resulting data were then merged with the level density
data obtained via the Oslo method to generate a comprehen-
sive overview covering the energy range from above zero to
16 MeV. Figure 4 illustrates that the level density increases as
the excitation energy increases with complete fade-out occur-
ring around 15 MeV.

Figure 5 shows the enhancement factor as a function of
excitation energy extracted from the ratio of level density with
Kcoll (collective enhancement) included in the CASCADE
calculations to the Fermi gas model + constant temperature
model (CT+FGM), denoted as CASCADE. The enhancement
extracted from Oslo data combined with present measured
enhancement is also shown. These are extracted by taking the
ratio between experimental level density and CT+FGM level
density. Experimental enhancement factors extracted for vari-
ous nuclei are plotted as well. Additionally, the enhancement
function extracted from the Hansen and Jensen’s prescription
[32] for the nuclei 168Yb and 161Dy is included. The plot
provides the collective enhancement behavior with respect to
excitation energy, highlighting the significance of different
modeling approaches and experimental measurements in un-
derstanding the underlying physics of nuclear excitations.

The potential sources of uncertainty in the current mea-
surement are outlined as follows. In cases where the target
material contains impurities such as carbon and oxygen, there
may be a significant presence of background neutrons. Al-
though these impurities may only constitute a small fraction
of the material’s weight, their impact can be amplified by

the characteristics of the neutron spectra for light targets
and kinematic focusing at forward angles. As a result, mea-
surements are often limited to backward angles, especially
for high-energy neutron spectra of interest. However, this
restriction does not affect the determination of the NLD as
pre-equilibrium nuclear reactions are more significant at for-
ward angles and are not as relevant at low beam energies, as
is the case in the current measurement. In the present mea-
surement, although the triton breakup/transfer-fusion reaction
is expected to be the primary contributor to the coincident
neutron spectra, there are other direct processes that could
also play a role. However, we can safely disregard the proton
pickup and two-neutron transfer cross sections as their con-
tribution is negligible [33]. The most significant reaction to
consider is the deuteron transfer followed by 5He breakup.
However, since the spectroscopic factor for the d + 5He con-
figuration is anticipated to be much smaller than that of the
t + 4He configuration, the contribution of this reaction is in-
significant [34].

IV. CONCLUSION

In conclusion, our study utilized an incomplete fusion
reaction to investigate the compound nucleus of 162Dy and
observed the resulting neutron evaporation spectra. By em-
ploying the statistical model calculations and comparing with
experimental data, we found a significant deviation between
standard statistical model calculations and experimental re-
sults, indicating the presence of collective enhancement. To
address this discrepancy, we proposed an excitation energy-
dependent collective enhancement based on Hansen and
Jensen’s suggestion. Incorporating this collective enhance-
ment, we were able to successfully explain the experimental
data. Furthermore, our statistical model analysis revealed a
maximum collective enhancement of 42 ± 2 with fade-out
observed at around 15 MeV. These results are in agreement
with the recent microscopic calculations. Recent theoreti-
cal works on NLD using the finite-temperature relativistic
Hartree-Bogoliubov model [35] showed that the enhancement
in the mass region A = 160–170 is ≈ 40. In another work
[36], using a microscopic level density model, a similar mag-
nitude of collective enhancement has been predicted. The
energy-dependent collective enhancement was inferred by
combining our results with Oslo level density data below the
neutron binding energy, providing insights into the behavior
of collective enhancement over a wide range of excitation en-
ergies. These findings highlight the importance of considering
collective enhancement in statistical model calculations for
describing compound nucleus reactions and provide valuable
information for further studies in nuclear reaction dynamics.
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