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A systematic investigation of isospin dependence of nuclear level density (NLD) is performed for the Zn isotopes. 
Experimental level densities of 67Zn and 61Zn have been determined by analyzing the spectra of evaporated 
neutrons emitted from the excited 68Zn and 62Zn nuclei populated via 4He + 64Ni and 4He + 58Ni reactions, 
respectively. At the low excitation energies, the neutron spectra are predominantly contributed by the first-

chance decay, leading to 67Zn and 61Zn as daughters for the two cases. A comparison of the present experimental 
data along with previously measured NLDs of 66Zn, 64Zn, and 60Zn is performed with state-of-the-art microscopic 
calculations. While the experimental NLDs of stable isotopes (i.e., 67Zn, 66Zn, and 64Zn) align excellently with 
theoretical predictions, a compelling contrast emerges for the unstable isotopes 61Zn and 60Zn, exhibiting NLDs 
an order of magnitude lower than predicted. The possible origins of the observed suppression of NLDs for the 
N ≈ Z isotopes are discussed. A significant reduction of level density for nuclei situated away from the stability 
line could have critical implications for the calculation of astrophysical reaction rates pertinent to heavy-element 
nucleosynthesis.
The nuclear level density (NLD) is a measure of the available quan-

tum levels at a given excitation energy (𝐸), spin (𝐽 ), and parity (𝜋), and 
is defined as:

𝜌(𝐸,𝐽 ,𝜋) = Δ𝑁(𝐸,𝐽 ,𝜋)
Δ𝐸

, (1)

where ΔN is the number of levels within the energy bin ΔE. The total 
level density is obtained by summing over all spin and parity states:

𝜌(𝐸) =
∑
𝐽 ,𝜋

𝜌(𝐸,𝐽 ,𝜋). (2)

Experimental information on 𝜌(𝐸) is pivotal in several related ar-

eas of physics. NLDs strongly affect neutron-, and proton-capture rates 
relevant to the heavy-element nucleosynthesis [1,2]. Besides, a precise 
determination of NLD is useful for many practical applications, such as 
reactor simulation [3] and production yield estimation of radioisotopes 
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for medical purposes [4]. Apart from being a critical input in nuclear 
reaction calculations, NLD is of fundamental interest as it can provide 
stringent tests to microscopic models of nuclear structure and furnish 
crucial information on the statistical and thermal properties of atomic 
nuclei [5–8].

In recent times, interest in NLD studies has surged, resulting in sev-

eral intriguing observations and ideas in the field [9–15]. One of the 
major issues in this area that remains highly contentious is the isospin 
dependence of NLD. Isospin, or 𝑛 − 𝑝 asymmetry effects in NLD, are ex-

pected to be small for nuclei at the valley of stability; however, they 
can be profound for nuclei situated far away from the stability line. 
The investigations by Al Quraishi et al. [16,17] suggested that the level 
densities of neutron- or proton-rich nuclei relevant to the 𝑟- and 𝑟𝑝-

process may differ from those of neighboring stable nuclei. The nuclear 
structure looks quite different as one moves several steps away from sta-

bility into the neutron- or proton- rich regions. Here, the limits on the 
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single-particle states [16], changes in the shell structure [18] and other 
similar effects could play important roles in modifying the level densi-

ties from expected. Al Quraishi et al. [16,17] showed that some of these 
effects can be taken care of by a parametrization of the level density 
parameter (𝑎), which reduces its value as the proton number changes 
from its 𝛽-stable value for a given mass number (𝐴) [16]. However, 
the issue remains debatable due to disparity among different results. 
Notably, in the investigation of evaporation residue and accompanying 
light particles around 𝐴 ≈ 160, Charity et al. [19] did not observe any 
evidence of the 𝑛 −𝑝 asymmetry dependence in the level density param-

eter. The theoretical study of Charity and Sobotka [20] also suggested 
very little dependence of the level density parameter on neutron or pro-

ton richness of the nucleus. However, in our recent studies of neutron 
evaporation spectra for nuclei around 𝐴 = 115, clear signatures of a re-

duction of the level density parameter away from the 𝛽-stability line are 
observed [12,21]. Similar trends have also been reported in a few other 
low-energy particle evaporation studies [22–25]. On the other hand, 
the recent measurement of level density employing the 𝛽-Oslo tech-

nique [15] in combination with the “Shape method” [26] suggested that 
for the short-lived 88Kr the NLD is notably higher compared to the RIPL3 
recommended values based on Hartree-Fock Bogoliubov calculations, 
however, the data agreed reasonably well with other semi-microscopic 
level density models [27].

A notable decrease in level density for nuclei that are either proton-

or neutron-rich could impact nucleosynthesis calculations, particularly 
those involving (𝑝, 𝛾) or (𝑛, 𝛾) reaction channels. A substantial reduc-

tion in NLD as indicated in Refs. [12,21–25], would likely to impede 
repeated captures, alter the balance between 𝛽 decay and capture, and 
ultimately push the paths for 𝑟𝑝- and 𝑟-process nucleosynthesis closer 
to the valley of stability. However, drawing definitive conclusions ne-

cessitates a thorough examination to ascertain whether the indicated 
𝑛 − 𝑝 asymmetry dependence of NLD is a general characteristic or spe-

cific to a certain mass region. Therefore, systematic investigations into 
the isospin dependence of NLD across different nuclear mass regions are 
imperative.

Motivated by the aforementioned considerations, this letter reports 
an experimental study on the 𝑛 − 𝑝 asymmetry dependence of nuclear 
level density within the Zn isotopes. Experimental level densities of 
67Zn and 61Zn were determined by analyzing neutron evaporation spec-

tra from the 68Zn and 62Zn compound nuclei populated through the 
4He + 64Ni and 4He + 58Ni reactions, respectively. These results are 
compared with previously measured NLDs of 66,64Zn [28] and 60Zn [29]. 
Furthermore, microscopic calculations using the “Exact Pairing plus 
Independent Particle Model” (EP+IPM) [30,31] were performed for a 
comprehensive understanding of the experimental data across the Z = 
30 isotopic chain, providing crucial insights into the puzzle of isospin 
dependence in NLD. The experimental level densities could also serve 
as key inputs in the calculation of capture cross-sections having astro-

physical interest in the nucleosynthesis path from Fe to Ge [32] where 
the Zn isotopes play important role.

The experiment was performed using 4He-ion beams with energies of 
𝐸𝑙𝑎𝑏 = 28 and 40 MeV, from the K130 cyclotron at VECC, Kolkata, In-

dia. Self-supporting, isotopically-enriched foils of 64Ni (≈ 450 μg/cm2) 
and 58Ni (≈ 500 μg/cm2) were used as targets. The compound nuclei 
68Zn and 62Zn were populated in an excitation energy range of ≈ 29 - 42 
MeV. Eight cylindrical liquid scintillator-based neutron detectors (5-

inch × 5-inch) were positioned at laboratory angles (𝜃𝑙𝑎𝑏) of 35◦, 55◦, 
75◦, 90◦, 105◦, 120◦, 140◦, and 155◦, at a distance of 1.5 m from the 
target. Neutron kinetic energies were determined via the time-of-flight 
(TOF) method, with the start trigger generated from the prompt 𝛾 -rays 
detected by a 50-element BaF2 detector array placed near the target. 
The prompt 𝛾 -𝛾 peak in the TOF spectrum served as the time refer-

ence. The efficiencies of the neutron detectors were measured under 
the in-beam conditions using a 252Cf source placed at the target posi-

tion. Neutron-𝛾 discrimination was accomplished using both TOF and 
2

pulse shape measurements [33]. The presence of scattered neutrons in 
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the measured neutron spectra was estimated and subtracted using the 
“shadow bar” technique [34]. The shadow bar consisted of 40-cm-thick 
high-density plastic (HDP) and 6-cm Pb blocks was placed in between 
the target and the detectors. This stops the neutrons coming from the 
target and only the scattered neutrons could reach up to the detector. 
The background-corrected neutron spectra measured at various labora-

tory angles were transformed into the compound nucleus center-of-mass 
(c.m.) frame using the standard Jacobian transformation.

The measurement of NLD through the analysis of particle evapora-

tion spectra is an established and widely used technique [5,12–14,24,

25,35–37]; however, the accuracy of results depend on minimizing the 
contribution of non-statistical components in the spectra. These com-

ponents, such as pre-equilibrium emissions, become significant at high 
bombarding energies (≳ 10 MeV/A). In the present case, such contri-

butions are expected to be small [38,39], particularly at the backward 
angles. To confirm this, we analyzed the neutron spectra at the forward-

most (35◦) and backwardmost (155◦) angles using the TALYS (v 1.9) 
code [40], including both pre-equilibrium (PE) and compound nuclear 
(CN) contributions in the spectra. The pre-equilibrium calculations were 
performed with the Exciton model [41] using default parametrization 
in TALYS [40]. Fig. 1 shows that the pre-equilibrium component is no-

ticeable at the forward angle, where the experimental spectra exhibit 
enhanced high-energy yields compared to compound nuclear emission. 
At 𝐸𝑙𝑎𝑏 = 40 MeV, the experimental spectrum at 35◦ aligns closely 
with TALYS predictions incorporating both PE and CN components. 
However, at 𝐸𝑙𝑎𝑏 = 28 MeV, the PE component is slightly overesti-

mated. Conversely, the spectra at 155◦ for both energies show minimal 
influence from non-equilibrium components, indicating that these spec-

tra can be adequately explained by the compound nuclear contribution 
alone [Fig. 1(b) & (d)]. Consequently, we used the backward-angle spec-

tra at the lowest bombarding energy (28 MeV) to determine the NLDs.

The experimental spectra at 155◦ for the two reactions were com-

pared with statistical Hauser-Feshbach (HF) calculations performed us-

ing TALYS. For the NLD, the back-shifted Fermi gas (BSFG) formula-

tion [42] given by

𝜌(𝐸) = 1
12

√
2𝜎

exp [2
√

𝑎(𝐸 −Δ)]
𝑎1∕4(𝐸 −Δ)5∕4

, (3)

was used as inputs of the TALYS calculations. Here 𝐸 is the excitation 
energy, Δ is the pairing energy shift [43], 𝜎 is the spin cut-off factor, and 
𝑎 is the level density parameter (LDP). The shell effect in NLD was incor-

porated using an energy and shell-correction dependent parametrization 
of the LDP [44]

𝑎(𝑈 ) = 𝑎̃[1 + Δ𝑆

𝑈
{1 − exp(−𝛾𝑈 )}] (4)

where, 𝑈 = 𝐸 − Δ, and 𝑎̃ is the asymptotic value of the LDP obtained 
in absence of any shell effect. Here Δ𝑆 is the ground state shell correc-

tion, and 𝛾 determines the rate at which the shell effect is depleted with 
the increase in excitation energy [40]. The asymptotic value of the LDP 
was approximated as 𝑎̃ = 𝛼𝐴, where 𝐴 is the mass number, and 𝛼 is an 
adjustable parameter, which was tuned to match the experimental data 
with model calculations. The optical model parameters required to cal-

culate the transmission coefficients, were taken from systematics [40]. 
The optimum values of 𝛼 were obtained by fitting the experimental neu-

tron spectra using the 𝜒2-minimization technique.

The experimental neutron spectra for the 4He + 64Ni and 4He + 58Ni 
reactions, along with the optimally fitted TALYS predictions, are shown 
in Fig. 2. For both reactions, the neutron spectra at the present exci-

tation energies are predominantly determined by the first-chance (1𝑛) 
neutron emission leading to 67Zn and 61Zn in respective cases. The 
contributions of the 1𝑛 channel are displayed separately by the blue 
dashed lines in Fig. 2. For neutron energies beyond ≈ 6 MeV, any con-

tribution other than the 1𝑛 channel is negligible. The best-fit values 
of 𝛼 are 0.116 ± 0.007 and 0.101 ± 0.006 for the 4He + 64Ni and 

4He + 58Ni reactions, respectively. Interestingly, the fitted value of 𝛼
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Fig. 1. Experimental double differential cross-section (symbols) of neutrons for 
the 4He + 64Ni reaction measured at 35◦ and 155◦ for the incident energies 
of (a)-(b) 40 MeV and (c)-(d) 28 MeV. Continuous lines are the predictions of

TALYS including contributions from both pre-equilibrium (PE) and compound 
nuclear (CN) components. The dashed lines represent the CN component alone.

for the 4He+ 64Ni reaction leading to the 𝛽-stable 67Zn, agrees with the 
systematics value (≈ 0.12) in this mass region [40]; however, it is lower 
in case of the 4He+ 58Ni reaction leading to the neutron-deficient 61Zn. 
This contrasting behavior hints towards the dependence of the level den-

sity parameter on the specific (𝑁, 𝑍) isotopic content of the nucleus.

The experimental neutron spectra in the range of ≈ 6 - 12 MeV were 
further utilized to extract “experimental” level densities 𝜌𝑒𝑥𝑝(𝐸) using 
the following expression [45,46]:

𝜌𝑒𝑥𝑝(𝐸) = 𝜌𝑚𝑜𝑑𝑒𝑙(𝐸)
(𝑑𝜎∕𝑑𝜀)𝑒𝑥𝑝

(𝑑𝜎∕𝑑𝜀)𝑚𝑜𝑑𝑒𝑙

(5)

Here, (𝑑𝜎∕𝑑𝜀)𝑒𝑥𝑝 is the experimental differential cross-section, and 
(𝑑𝜎∕𝑑𝜀)𝑚𝑜𝑑𝑒𝑙 is the differential cross-section calculated by the HF cal-

culation using 𝜌(𝐸)𝑚𝑜𝑑𝑒𝑙 as its input NLD. The excitation energy of the 
residual nucleus (𝐸) was calculated using the relation 𝐸 = 𝐸∗ −𝑆𝑛 − 𝜀, 
where 𝐸∗ is the compound nuclear excitation energy, 𝑆𝑛 is the neutron 
separation energy, and 𝜀 is the kinetic energy of the emitted neutron.

The extracted level densities of 67Zn and 61Zn are plotted as a func-

tion of excitation energy in Fig. 3. The NLD obtained using Eqn. 5 re-

quires additional normalization [5,28], which was performed for 67Zn at 
the neutron separation energy (𝑆𝑛). The level density at 𝑆𝑛, [𝜌(𝑆𝑛)] was 
obtained from the measured S-wave resonance spacing [49] following 
the procedure described in Ref. [5]. The extrapolation of normaliza-

tion point to the region of experimental data was carried out using 
the back-shifted Fermi gas formulation, presented by the pink dashed 
lines in Fig. 3(a). In the case of 61Zn, where neutron resonance mea-

surements are unavailable, the normalization was carried out using the 
information on the number of discrete energy levels at low energies. The 
cumulative number of levels, as shown by the continuous red line in the 
inset of Fig. 3(b), was fitted using the constant temperature (CT) for-

mula [47,48], 𝑁(𝐸) = 𝑒𝑥𝑝{(𝐸 −𝐸0)∕𝑇0}, by adjusting the energy shift 
𝐸0 and constant temperature 𝑇0. The extracted values of 𝐸0 and 𝑇0 are 
-1.80 MeV and 1.36 MeV, respectively. The fit was constrained to energy 
levels between 𝑁𝑚𝑖𝑛 = 7 and 𝑁𝑚𝑎𝑥 = 23 (corresponding to an energy 
range of ≈ 1 - 2.5 MeV). These values were taken from TALYS, where 
they are selected to ensure a smooth transition between the CT level 
densities and the Fermi gas values at the matching energy. It should be 
emphasized that the CT model, [𝜌(𝐸) = (1∕𝑇0)𝑒𝑥𝑝{(𝐸 −𝐸0)∕𝑇0}], pro-

vides a more accurate description of NLD at low energies compared to 
the BSFG model. The level densities derived from the CT fit (shown by 
3

the red dashed line in Fig. 3(b)) were used to normalize the NLD of 
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Fig. 2. Experimental neutron spectra at 𝐸𝑙𝑎𝑏 = 28 MeV and 𝜃𝑙𝑎𝑏 = 155◦ for 
the (a) 4He + 58Ni reactions (filled squares) and (b) 4He + 64Ni (filled circles). 
The optimally fitted TALYS predictions (inclusive) are shown by red continuous 
lines. The contributions of the 1𝑛 channel are represented by blue dashed lines.

Fig. 3. Experimental level densities (filled triangles) for (a) 67Zn and (b) 61Zn. 
The pink and red dashed lines represent BSFG and CT predictions, respectively. 
The cumulative number of energy levels (red continuous line) and corresponding 
CT fit (blue dashed line) for 61Zn are shown in the inset.

61Zn. The NLD obtained from direct level counting is also displayed by 
gray vertical bars in Fig. 3(b). It is important to note that the normaliza-

tion and resulting NLD values depend on the chosen energy window 
for extracting the CT parameters. To estimate the systematic uncer-

tainty arising from this process, the energy window of the CT fit was 
shifted by 0.25 MeV in both directions, and the resulting variation in 
predicted NLD was treated as a systematic uncertainty. It was observed 
that the uncertainty increases at higher energies, with systematic errors 
of approximately 68% and 5% at the highest and lowest data points, re-

spectively. These systematic errors were combined in quadrature with 
the statistical errors.

For a comprehensive understanding of the level densities of the Zn 
isotopes, microscopic calculations were performed using the state-of-
the-art “Exact Pairing plus Independent Particle Model” [30,31]. A key 
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Fig. 4. Comparison of experimental level densities (symbol) with EP+IPM (Full) 
calculation (pink continuous lines) for (a) 67Zn, (b) 66Zn, (c) 64Zn, (d) 61Zn and 
(e) 60Zn. The calculations excluding the rotational enhancement factor (𝑘𝑟𝑜𝑡 = 
1) has been shown by the green dashed lines.

feature of EP+IPM is that it incorporates both the thermal and quan-

tal fluctuations in nuclear pairing, which have shown significant effects 
on NLD [51,52]. Moreover, unlike other regularly used theoretical ap-

proaches, the EP+IPM does not employ any adjustable parameter for 
normalization when compared with experimental data ensuring its mi-

croscopic nature. Detailed descriptions of the EP+IPM formalism can be 
found in references [30,31].

The results from the EP+IPM calculations were directly compared with 
the present data on 67Zn and 61Zn, as well as with previously measured 
level densities of 66Zn, 64Zn, and 60Zn [28,29]. Remarkably, the data 
for stable Zn isotopes- namely 67Zn, 66Zn, and 64Zn align well with the 
EP+IPM predictions, as shown in Figs. 4(a)-(c). However, the measured 
level densities of neutron-deficient 61Zn and 60Zn were nearly an order 
of magnitude lower than the calculated values as seen in Figs. 4(d)-

(e). It may be noted that all the Zn isotopes investigated in the present 
work, exhibit moderate ground-state deformations with the quadrupole 
4

deformation parameter |𝛽2| ≈ 0.16 - 0.18 [50]. For axially deformed 
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nuclei, the collective rotational and vibrational excitations significantly 
increase the NLD beyond its single-particle estimate. These effects, not 
included in the pairing Hamiltonian, are incorporated within EP+IPM

by using empirical rotational (𝑘𝑟𝑜𝑡) and vibrational (𝑘𝑣𝑖𝑏) enhancement 
factors [30]. The EP+IPM calculations performed including these factors 
are denoted as EP+IPM (Full) and it effectively explains the experimen-

tal data for 67Zn, 66Zn, and 64Zn (Fig. 4). Conversely, EP+IPM (Full) 
overestimates the NLDs of 61Zn and 60Zn by nearly a factor of 10. In-

terestingly, when setting the rotational enhancement factor 𝑘𝑟𝑜𝑡 to 1, 
the EP+IPM results align closely with the experimental data for unsta-

ble 61Zn and 60Zn (Fig. 4d & 4e). This suggests that these nuclei might 
behave like spherical or quasi-spherical ones with negligible rotational 
enhancement, which is puzzling given their non-zero 𝛽2 values as indi-

cated by the finite-range droplet model (FRDM) [50]. For these unstable 
nuclei, the limit on the single-particle states could also play a decisive 
role in modifying the NLD [16].

Another crucial factor that could be involved in suppressing the NLD 
of the N ≈ Z isotopes, compared to others, is the so-called “Wigner” or 
congruence energy [53–55]. This energy, which depends on |𝑁 − 𝑍|, 
originates from the increased overlap of wave functions of particles 
in identical orbits and provides additional energy stabilization for the 
N ≈ Z isotopes. In TALYS, the default shell correction (Δ𝑆′) is defined as 
the difference between the experimental mass and the theoretical mass 
calculated within the Liquid Drop Model (LDM) using the parametriza-

tion of Mengoni and Nakajima [56]. The latter, however, does not in-

clude a Wigner term (𝐸𝑊 ). As a result, the actual shell correction Δ𝑆

should be determined as Δ𝑆′ −𝐸𝑊 .

For a quantitative understanding, we evaluated 𝐸𝑊 for the present set 
of Zn isotopes using a semi-microscopic model following the prescrip-

tion of Ref. [54],

𝐸𝑊 = 𝑉𝑊 𝑒𝑥𝑝

{
−𝜆

(
𝑁 −𝑍

𝐴

)2}

+ 𝑉 ′
𝑊
|𝑁 −𝑍|𝑒𝑥𝑝

{
−
(

𝐴

𝐴0

)2
}

.

(6)

The parameters 𝑉𝑊 , 𝑉 ′
𝑊

, 𝜆 and 𝐴0 were taken from the latest version 
of BSk26 force [54]. The calculated values of 𝐸𝑊 , alongwith Δ𝑆 , and 
Δ𝑆′ are listed in Table 1. Clearly, the cases of interest here, 60,61Zn, 
have maximal Wigner energies, while for the heavier isotopes this en-

ergy stabilization is minimal (Table 1). To illustrate the impact of the 
Wigner energy on the calculated NLD, Fig. 5 compares the experimen-

tal NLDs of 60,61Zn with those predicted using the BSFG model under 
various scenarios. Since it is unclear if the Wigner energy and the shell 
effects should fade out in exactly the same way, we decided to treat 
them independently by modifying Eq. (4) as follows.

𝑎(𝑈 ) = 𝑎̃[1 + Δ𝑆

𝑈
{1 − exp(−𝛾𝑆𝑈 )}

+
𝐸𝑊

𝑈
{1 − exp(−𝛾𝑊 𝑈 )}]

(7)

with 𝛾𝑆 and 𝛾𝑊 being the rates at which the shell and Wigner en-

ergy effects damp, respectively. In addition, in all scenarios, 𝑎̃ and 𝛾𝑆

are calculated using global parametrization, i.e., 𝑎̃ = 0.12𝐴 and 𝛾𝑆

= 0.410289𝐴−1∕3, whereas, the values of all the other parameters are 
taken from the TALYS default. In the first scenario, we consider the BSFG 
NLDs with the assumption that both shell correction and Wigner energy 
have no effect on the calculated NLDs (black solid lines in Fig. 5). This 
assumption is imposed by setting Δ𝑆 and 𝐸𝑊 in Eq. (7) to zero. It is 
shown that the predicted NLDs strongly overestimate the experimental 
data. In the second scenario, both effects were enabled and assumed 
to fade-out at the same rate (i.e., 𝛾𝑆 = 𝛾𝑊 ), the predictions (red long-

dashed lines) showed a significant improvement, coming closer to the 
experimental data, underscoring the importance of Wigner energy for 
𝑁 ≈ 𝑍 nuclei. Another two scenarios, in which the Wigner effect is as-
sumed to have the fade-out rates equal to half (i.e., 𝛾𝑊 = 0.5𝛾𝑆 ) and 
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Table 1

Shell correction and Wigner energies for the 
different isotopes.

Nucleus Δ𝑆′ [56] 𝐸𝑊 [54] Δ𝑆

(MeV) (MeV) (MeV)

67Zn 1.846 -0.02 1.866
66Zn 0.797 -0.07 0.864
64Zn -0.590 -0.40 -0.190
61Zn -2.920 -1.62 -1.300
60Zn -4.060 -1.80 -2.260

Fig. 5. BSFG level densities with: no structure modification (𝜌1), both shell and 
Wigner structure effects with the same fade-out rate (𝜌2), and with the Wigner-

energy fade-out rate half (𝜌3) and twice (𝜌4) of the shell correction term (see 
text for details).

twice (i.e., 𝛾𝑊 = 2.0𝛾𝑆 ) that of the shell damping, were also considered. 
The predictions (green short-dashed and pink dash-dotted lines in Fig. 5) 
indicates that the calculated NLD changes significantly as the Wigner en-

ergy damping rate varies. The experimental data are somewhat better 
reproduced with higher damping rate of the Wigner energy compared 
to shell effect. The present analysis brings out the crucial role of Wigner 
energy and its damping in NLD calculations, that to our knowledge, has 
not been presented previously.

We have discussed several potential reasons for the observed reduc-

tion of NLD in the N ≈ Z isotopes. Another possible origin for the dis-

crepancy between EP+IPM (Full) and the NLD data of 60,61Zn could also 
be partially due to the neutron-proton (𝑛𝑝) pairing effect [57], which 
was not included in the current calculations. Similar to the congruence 
energy, the 𝑛𝑝 pairing could be significant for the N ≈ Z nuclei such as 
60Zn and 61Zn. Increased 𝑛𝑝 pairing will reduce the level density, as ob-

served in these systems.

The present findings open up new avenues for further investigation to 
untangle the possible roles of reduced deformation, 𝑛𝑝 pairing, congru-

ence, and isospin effects in explaining the observed differences between 
the NLDs of the stable and unstable Zn isotopes.

To summarize, this study focused on investigating the nuclear level den-

sities of various Zn isotopes by analyzing neutron evaporation spectra 
within the statistical Hauser-Feshbach approach. The findings revealed 
5

that the optimal asymptotic level density parameter 𝑎 showed good 
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alignment with systematics for the 𝛽-stable 67Zn but was significantly 
lower for the neutron-deficient 61Zn. Additionally, microscopic calcu-

lations using the Exact Pairing plus Independent Particle Model were 
performed and compared with experimental NLDs of 67Zn, 66Zn, 64Zn, 
61Zn, and 60Zn. The EP+IPM predictions agreed well with experimen-

tal NLDs for stable isotopes but overestimated the experimental data 
for the unstable isotopes. Intriguingly, experimental NLDs of the un-

stable isotopes matched reasonably well with the EP+IPM model when 
excluding the rotational enhancement factor, even though these nuclei 
had moderate ground-state deformations. The potential reasons for the 
observed NLD suppression in the N ≈ Z isotopes were discussed, high-

lighting the important role of the congruence energy. These findings 
necessitate further theoretical and experimental investigations to eluci-

date the underlying mechanisms and validate the observed trends across 
different nuclear mass regions. The results presented here could have im-

portant implications for the calculation of astrophysical reaction rates, 
impacting our understanding of nucleosynthesis processes.
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