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Role of fluctuations in a thermal phase transition in a nucleus probed via the giant dipole resonance
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We present an experimental investigation of thermal phase transition in atomic nuclei by measuring the γ

rays from the decay of the giant dipole resonance in 169Tm populated by using the reaction 4He + 165Ho.
The systematic measurement confirms the prolate shape, similar to the ground-state value, till temperature
T = 1.23 MeV. Moreover, the present data, together with the previous experimental studies, point towards
the persistence of prolate shape with deformation similar to that of the ground state till T = 1.5 MeV. In
addition, the emergence and evolution of thermal fluctuations observed directly in the experiment suggest that
the sharp phase transition from prolate to near spherical at T ≈ 1.7 MeV will not be evident experimentally due
to statistical fluctuations owing to the finite size of the nucleus.
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I. INTRODUCTION

The study of finite quantal systems is very fascinating
as they possess the properties of both microscopic (separate
quantum particles) and macroscopic sizes (large statistical
systems). It is remarkable that finite systems having differ-
ent physical nature can exhibit similar physical features [1].
For example, the shell effects, caused by the degeneracy of
quantum spectra, exist in quantum dots, atomic nuclei, and
metallic grains. In atomic nuclei, the shell effect creates small
fluctuations in the total potential energy obtained from the
liquid drop model [2]. Although, amounting to only about 1%
of the total binding energy, it governs the variation of ground-
state nuclear shapes along isotopic and isotonic chains [3], and
is one of the driving effects in the production of superheavy
elements [4]. When a shell is completely filled, it leads to
strong shell effects manifested by the stability of the nuclei.
However, when the shell is only partially filled, it breaks the
spherical symmetry and the residual interactions among the
valence nucleons drag the nucleus to a deformed ground state.

The quantum phase transition, an abrupt change in the state
of a many-body system at zero temperature (T = 0) [5], is
connected with the nuclear shape transition from spherical to
deformed or from axially deformed to nonaxially deformed
shapes [6]. Interestingly, the ground-state deformation of
the nuclei, arising due to shell effects, can also be altered
by increasing the excitation energy. The thermal excitations
weaken the shell effects and act in the direction of decreas-
ing the equilibrium deformation leading to a thermal phase
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transition from deformed to spherical shape [7]. Along with
shape transition, the idea of phase transition in nuclear physics
also involves vanishing of pairing correlations at excitation
energies above a few MeV (superfluid to normal fluid tran-
sition), nuclear multifragmentation in the Fermi energy do-
main (liquid to gas phase transition), and deconfined state of
quark-gluon-plasma in the ultrarelativistic region. However,
it should be emphasized that in small finite systems at finite
T , the thermal fluctuations are expected to be large and could
play a decisive role in defining the properties of the system,
particularly in the phase-transition region. For example, the
studies of fluctuation on pairing effect have shown that the
sharp phase transition from superfluid to normal fluid is effec-
tively washed out [8–10]. The theoretical calculations, based
on the mean-field theory for nuclear shape transition, often
predict sharp phase transitions at finite temperature [11–14].
Intriguingly, when the effect of shape fluctuations is taken
into account, it suggests a substantial smearing of the tran-
sition [15,16]. In this scenario, whether the T -driven phase
transition will be evident experimentally still remains an open
question.

One of the experimental probes to study the shapes
and fluctuations of hot nuclei is the giant dipole resonance
(GDR) [17–19]. It can be interpreted as the out-of-phase
oscillation of the proton fluid against the neutron fluid and
its cross section is characterized by a Lorentzian function
having a strength (SGDR), a centroid energy (EGDR), and a
width (�GDR). The GDR strongly couples with the nuclear
shape degrees of freedom. Hence, in the case of deformed
nucleus, the GDR strength splits into different components
with frequencies inversely proportional to the lengths of
the principal axes, providing a direct information about the
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nuclear deformation [18]. The hydrodynamical model pre-
dicts the ratio SGDR2/SGDR1 ≈ 2 for a prolate nucleus, and
≈0.5 for an oblate nucleus [17]. A few experimental attempts
have been made earlier to probe the T -driven shape transi-
tions, by using the GDR in the rare-earth region, but the results
have been conflicting as the shape of the nuclei could not be
uniquely determined [20–23].

In this paper, our aim is to show the actual shape of the
excited nucleus in rare-earth region by using α-induced fusion
reactions, which allow probing the shape independent of an-
gular momentum (J)-driven effects. By performing systematic
investigation and comparing with the previous experimental
results, the shape of the nucleus has been extracted up to
T = 1.5 MeV, which removes the conflict in the existing liter-
atures regarding the nature of the ellipsoid (prolate/oblate).
Moreover, since the fluctuation is observed directly in the
experiment it provides a unique opportunity to study the
emergence and evolution of thermal fluctuations in small finite
systems.

II. EXPERIMENTAL DETAILS AND ANALYSIS

The 169Tm compound nucleus was populated through the
reaction 4He + 165Ho at four beam energies 32, 37, 42, and
50 MeV by using the K-130 room-temperature cyclotron
at VECC. The critical angular momentum for fusion at the
highest beam energy was 21 h̄. The high-energy GDR γ

rays were detected at 90◦ and 125◦ angles with respect to
the incident beam direction by employing the LAMBDA
spectrometer [24,25], arranged in a 7 × 7 matrix, at a distance
of 50 cm from the target position. Though the angular momen-
tum populated in the above reactions does not affect the GDR
parameters (Jc = 43h̄ for 169Tm [26]), determination of J is
crucial for a precise evaluation of nuclear temperature. There-
fore, the 50-element low-energy γ multiplicity filter [27] was
used to estimate the angular momentum populated in the
compound nucleus. The filter was split into two blocks of 25
detectors each and was placed on the top and the bottom of
the scattering chamber at a distance of 5 cm from the target
center. A master trigger was generated when at least one
detector each from the top and bottom blocks fired together
in coincidence with a high-energy γ ray(�5 MeV) measured
in any of the large detectors in the LAMBDA array. This
ensured the selection of high-energy photons from the higher
part of the CN spin distribution and considerably reduced the
background. The neutron and the pileup events in LAMBDA
were rejected by time-of-flight and pulse shape discrimination
techniques, respectively. The cyclotron rf time spectrum was
also recorded with respect to the master trigger to ensure the
selection of beam-related events. The details of the GDR anal-
ysis have already been discussed in our earlier papers [28–31].

The γ -ray spectra from the decay of 169Tm nucleus at
initial excitation energies of 30.0, 34.9, 39.8, and 47.6 MeV
are displayed in Fig. 1. They show the typical broad bump
of the GDR beyond 9 MeV where the spectrum changes
from the exponentially decreasing characteristics of the low-
energy statistical transitions. Most noteworthy is the two
components of the GDR (around 12 and 16 MeV) directly
visible in the high-energy spectrum at 32 MeV beam energy
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FIG. 1. The experimental γ spectra measured at 90◦ angle at dif-
ferent beam energies are compared with the results of the statistical
model calculations plus a bremsstrahlung component (continuous
lines).
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FIG. 2. The linearized GDR strength functions at different beam
energies [(a)–(f)]. The solid lines are F (Eγ ) used in the CASCADE

calculation. The dashed lines represent the TSFM calculations. The
TSFM calculation at T = 0.2 MeV is compared with the ground-
state value in (a). The angular anisotropy coefficients at different
beam energies are shown in (g)–(j).
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TABLE I. Extracted GDR parameters at different beam energies.

Elab 〈T 〉 〈J〉 EGDR1 �GDR1 EGDR2 �GDR2
SGDR2
SGDR1

(MeV) (MeV) h̄ (MeV) (MeV) (MeV) (MeV)

28 0.75 ± 0.05 12 ± 4 12.1 ± 0.4 3.3 ± 0.6 16.0 ± 0.5 4.1 ± 0.7 2.4 ± 0.3
32 0.85 ± 0.05 14 ± 4 12.2 ± 0.4 2.9 ± 0.4 16.0 ± 0.5 4.0 ± 0.5 2.5 ± 0.3
37 0.95 ± 0.05 16 ± 4 12.2 ± 0.4 4.3 ± 0.4 15.8 ± 0.6 5.0 ± 0.5 2.3 ± 0.3
42 1.05 ± 0.05 18 ± 5 12.3 ± 0.4 4.3 ± 0.5 15.6 ± 0.5 5.6 ± 0.6 2.6 ± 0.4
50 1.23 ± 0.05 20 ± 5 12.2 ± 0.3 4.5 ± 0.5 15.4 ± 0.4 6.4 ± 0.7 2.3 ± 0.3

indicating a large deformation independent of any model.
The GDR parameters at different beam energies were ob-
tained by comparing the experimental data with the results
of the statistical model calculations performed by using a
modified version of the CASCADE code [32,33], along with
a bremsstrahlung component parametrized as σ = σ0e−Eγ /E0 ,
folded with the detector response function. The slope pa-
rameter (E0) was chosen according to the bremsstrahlung
systematic [34], which has been verified in our previous
experiments [30,35]. The measured fold distributions were
mapped onto the angular momentum space by using a realistic
technique based on GEANT simulation [27] and used as inputs
for the statistical model calculation. Recently, the collective
enhancement effect on the nuclear level density (NLD) was
studied in the same reaction at two beam energies of 28
and 40 MeV [36,37]. Hence, the same enhanced NLDs, de-
formation parameters, Ignatyuk prescription of level density
parameter [38] with asymptotic NLD parameter (A/8) and
transmission coefficients were used in the statistical model
calculation at all the beam energies. The linearized GDR plots
along with the best-fit CASCADE spectra are shown in Fig. 2 by
using the quantity F (Eγ )Y exp(Eγ )/Y cas(Eγ ), where, Y exp(Eγ )
and Y cas(Eγ ) are the experimental and the best-fit CASCADE

spectra, respectively, corresponding to the two-component
Lorentzian function F (Eγ ). The extracted GDR parameters at
different beam energies are given in Table I. The uncertainties
were obtained by χ2 minimization procedure in the energy
range 8–20 MeV.

III. RESULT AND DISCUSSION

The experimentally determined absorption cross section
at 32 MeV are compared with the available ground-state
photoabsorption cross section for 170Yb [39] (similar prolate
ground-state deformation as 169Tm) along with our earlier
data at 28 MeV [36] in Fig. 2(a). The data at 28 and
32 MeV are in very good agreement with the ground-state
photoabsorption cross section in this mass region [39,40]
confirming that the shape of the nucleus at these excitation
energies is indeed prolate, with roughly the same ground-
state deformation. Our result supports the predictions of the
Brink-Axel hypothesis. We emphasize here that the spectra,
at all the beam energies, could not be explained considering
a single Lorentzian. The data at 32, 37, and 42 MeV could
only be explained considering photoabsorption cross section
corresponding to prolate shapes in the statistical model cal-
culation. On the other hand, an equally good fit was obtained
considering both prolate and oblate shapes for 50 MeV data.

The result is similar to the previous studies on 166Er, which
suggested both oblate deformation [20] and prolate deforma-
tion [21] at somewhat similar T . A later study on 160Er also
produced similar results [22]. However, in all the cases, one-
component GDR fits were inadequate and the oblate solution
was obtained having �GDR1 > �GDR2, which is contrary to the
experimentally observed values and hydrodynamic consider-
ations [41].

The shape of the GDR in deformed nuclei may be quan-
titatively related to the nuclear deformation by using the
hydrodynamic model [42]. Considering an ellipsoid shape,
the experimental deformation can be calculated from the

relation βexp =
√

4π
5

d−1.0
0.5d+0.87 , where d is the ratio of the two

GDR components (EGDR2/EGDR1), related to the ratio of the
half-axes of axially symmetric deformed nucleus [22]. The
extracted deformations from the two GDR components at
different 〈T 〉 are shown in Fig. 3(a). The average temperature
of the compound nucleus associated with the GDR decay was
estimated from 〈T 〉 = [(E∗ − E rot − EGDR − 	p)/a(E∗)]1/2,

FIG. 3. (a) The extracted experimental deformations for 169Tm
(filled circles), 160Er [21,22] (open circles) and 166Er [20,21] (filled
square) are compared with the theoretical deformations. The shaded
region corresponds to the standard deviation. The GDR spectral
shape for prolate deformation (β = 0.15) and spherical shape are
compared with each other by not considering (b) and considering
(c) thermal fluctuations.
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where E∗ is the average of the excitation energy weighed over
the daughter nuclei for the γ emission in the GDR region.
	p is the pairing energy and E rot is the rotational energy
computed at average 〈J〉 within the CASCADE corresponding
to selected fold distribution [32]. However, at these excitation
energies, the GDR decay is predominantly from the initial
stages and the averaging only reduces the average temperature
by ≈8% at the highest beam energy. It is very interesting
to find that the shape and magnitude of deformation at
these excitations are unchanged from the values known from
the ground-state photoabsorption in this mass region. The
deformations extracted for 166Er and 160Er in the previous
experiments at higher T [20–22] are also compared with the
present data. The prolate ground-state deformation of 166Er
and 160Er are 0.28 and 0.25, respectively [3]. The temperatures
of Refs. [20,21] have been reestimated by averaging over the
decay steps, while the average temperature quoted in Ref. [22]
have been used directly, in order to bring all the data on
the same footing. It is intriguing to find that the extracted
deformations even at T = 1.5 MeV are very similar to the
ground-state values. Since we could uniquely determine the
shape of the nucleus as prolate, the shapes of 166Er and 160Er at
slightly higher T can also be believed to be prolate. Although
the shapes were not sharply defined, it seems improbable
for nuclear shape to change from prolate to oblate with
similar magnitude of deformation with only slight change in
T (≈0.3 MeV). The angular anisotropy coefficients were also
measured at 32, 37, and 42 MeV beam energies and are shown
in Figs. 2(g)–2(j). They were identical at all the energies and
very small (2–3 %) even though the extracted deformations
are large and similar to the equilibrium values. The attenuation
of the measured angular anisotropy is probably due to the
large effects of the orientation fluctuations at smaller angular
frequency (ω ≈ 0.2 MeV selected in the experiment) [23,43].

In order to illustrate the shape transition and deformation
expected in this mass region, the free energy for 169Tm as
a function of the intrinsic quadrupole deformation coordi-
nates β, γ at J = 20h̄ are shown in Fig. 4. The free en-
ergy F (T, J, β, γ ) was calculated considering the deformed
liquid drop energy, Strutiusky shell corrections, entropy, and
rotational energy following the prescription in Refs. [44–48].
The single-particle energies (ei) were calculated by using
the deformed Woods-Saxon potential with the universal pa-
rameters [49] and the entropy was estimated by using the
relation S = −∑

i fi · ln( fi) − ∑
i(1 − fi ) · ln(1 − fi ), where

fi = [1 + exp{(ei − μ)/T }]−1 is the Fermi occupation num-
bers with μ as the chemical potential. The calculated equilib-
rium shape of 169Tm is prolate (β = 0.29) at T = 0 and the
increase of T induces a shape transition from prolate to near
spherical (slight oblate β = 0.03 for finite J = 20h̄) at T =
1.7 MeV. The evolution of equilibrium deformation (βeq) with
T is compared with the experimental data in Fig. 3(a). From
the trend of experimental data, it appears very unlikely that
the shape phase transition will occur at T ≈ 1.7 MeV because
of the large magnitude and the small change of β with T .

Since nucleus is a small finite system, statistical fluctua-
tions are expected to be large. It is highly interesting to note
that the effect of fluctuation is seen directly in the experimen-
tal data (Fig. 2). The two GDR peaks are clearly separated

FIG. 4. Free energy surfaces at different T and J = 20h̄ for
169Tm. The y axis corresponds to the oblate shape while the thick
solid line represents the prolate shape (γ = 0).

below T = 0.9 MeV. Above T ≈ 1 MeV, the two peaks start
to become broader due to the averaging effect of thermal
fluctuations and finally get convoluted at T ≈ 1.2 MeV but
the ratio EGDR2/EGDR1 remains almost unchanged, which un-
ambiguously determines the deformation. The data have also
been compared with the thermal shape fluctuation model
calculations in which the GDR vibration is averaged over
the free energy surfaces by using the Boltzmann probability
e−F/T with the volume element β4 sin(3γ )dβdγ [44,45]. In
general, the calculations are in good agreement with the data
highlighting that the shape of the nucleus is indeed prolate and
the GDR spectrum is highly convoluted at higher T due to the
thermal shape fluctuations. It is also remarkable to observe
that the experimental GDR line shapes show no signature
of thermal fluctuations below T = 0.9 MeV and provide an
unique platform to check the existing models [50,51].

In order to study the effect of fluctuations on the equi-
librium shape, the average deformation 〈β〉 and the standard
deviation 	β = [〈β2〉 − 〈β〉2]1/2 were also estimated follow-
ing the prescription described in Ref. [52] and are shown
in Fig. 3(a). It is very interesting to note that 〈β〉 is very
similar to the equilibrium deformation up to T = 0.8 MeV
but deviates significantly beyond T ≈ 1.0 MeV. The average
shape produced by the fluctuations does not pass through
the shape phase transition. It is also important to note the
associated standard deviation becomes larger at higher T ,
complicating the GDR spectral shape. Therefore, it becomes
experimentally difficult to draw a conclusion on the shape of
the nucleus. As a result, it appears that the shape transition
from prolate to near spherical will not be observed experi-
mentally at higher T since, in the midst of large thermal shape
fluctuations, the GDR spectral shape of prolate deformation
with β = 0.15 will effectively be the same as a spherical
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nucleus as shown in Fig. 3(c). Our results could throw some
light on the study of phase transitions under the constraint of
small finite systems, e.g., the pairing phase transition not seen
directly in the neutron evaporation spectrum, smoothening of
the caloric curve in liquid-gas phase transition, and T -driven
phase transition in two-dimensional graphene [53]. Besides,
our work may be relevant regarding the hitherto observed
experimental evidences of antiferromagnetism in the uncon-
ventional superconductors [54].

IV. CONCLUSION

In summary, the present work emphasizes that the shape
of the nuclei in rare-earth region remains prolate with de-

formation remarkably similar to the ground-state value till
T = 1.5 MeV. However, the shape fluctuations about the equi-
librium shape are quite large at higher T , observed directly
in the present study, which indicates that the sharp phase
transition from prolate to near spherical predicted to occur at
T ≈ 1.7 MeV will not be evident experimentally.
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