
Physics Letters B 831 (2022) 137145

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Isospin dependence of nuclear level density at A≈ 120 mass region

R. Shil a, K. Banerjee b,c,∗, Pratap Roy b,c,1, J. Sadhukhan b,c, T.K. Rana b,c, G. Mukherjee b,c, 
S. Kundu b,c, T.K. Ghosh b,c, S. Manna b,c, A. Sen b,c, R. Pandey b, A. Chakraborty a, 
Deepak Pandit b,c, S. Mukhopadhyay b,c, Debasish Mondal b,c, D. Paul b,c, 
C. Bhattacharya b,c, S. Bhattacharya b,2

a Department of Physics, Siksha Bhavana, Visva-Bharati, Santiniketan 731235, India
b Variable Energy Cyclotron Centre, 1/AF, Bidhan Nagar, Kolkata 700064, India
c Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400094, India

a r t i c l e i n f o a b s t r a c t

Article history:
Received 5 January 2022
Received in revised form 23 April 2022
Accepted 29 April 2022
Available online 4 May 2022
Editor: D.F. Geesaman

Keywords:
Nuclear level density
Isospin dependence
Level density parameter
Statistical model

Nuclear level density and the level density parameter of 115,119,127Te isotopes are experimentally 
determined by analyzing the backward angle neutron energy spectra from 4He+112,116,124Sn reactions. 
Measurements are done in the compound nuclear excitation energy range of 25-42 MeV. Statistical model 
analysis is performed to test different phenomenological prescriptions of the level density parameter. Our 
data efficiently scan the explicit dependences of level density on three key factors: nuclear deformation, 
neutron-proton asymmetry, and the separation from the most stable isobar. It is observed that the 
experimental data are best described when deviation in atomic number from the corresponding β-stable 
isobar is explicitly taken into account. Further, nuclear level densities determined from the measured 
spectra show a reduction for 115,127Te in comparison to that of 119Te, which lies closer to the β-stability 
line.

© 2022 The Author(s). 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.
1. Introduction

Nuclear level density (NLD) governs the statistical decay of 
excited nuclei. Thus, it is an important input for the nuclear 
reaction codes. Over the years, significant amount of research 
are carried out to understand the dependency of NLD on vari-
ous key factors such as excitation energy [1–5], angular momen-
tum [4–7], nuclear shell structure [8–10], ground state deformation 
and associated collective enhancement [11–18], nucleonic pair-
ing [19,20] etc. Several independent experimental techniques like 
the counting of nuclear levels, measurement of the neutron res-
onance spacing [21,22], and analysis of the primary gamma-ray 
(Oslo Method) [23–25] and particle evaporation spectra [26] are 
widely used to understand the nature of NLD as a function of the 
above-mentioned factors. One of the major issues that still needs 
attention is the dependence of NLD on the neutron (N)- proton (Z ) 
asymmetry, which is commonly measured in terms of the isospin 
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projection (N − Z)/2. This asymmetry is expected to hardly affect 
the nuclei around the valley of stability, but it could have profound 
impact on the neutron or proton rich nuclei. Although numerous 
theoretical [27–31] and experimental [2,32–35] investigations are 
pursued to study the isospin dependence, but a proper under-
standing of this phenomenon over a broader mass range is still 
missing. In particular, such variation of NLD along certain isotopic 
chains is crucial for quantitative understanding of several nuclear 
reactions pertinent to nuclear astrophysics.

The widely used theoretical expression for NLD was originally 
suggested by Bethe, who derived it by assuming the nucleus as a 
non interacting Fermi gas [36]. In this prescription [more details 
can be found in Appendix Eq. (A.1)], the level density parame-
ter a, and its asymptotic value ã to be precise, is a crucial input 
that needs to be determined very accurately. Within the Fermi gas 
model, ã signifies the density of states at the Fermi energy, and it 
is often approximated as,

ã = αA, (1)

where α is, in principle, a constant independent of the nucleus. 
However, from intuitive understanding, an explicit dependence on 
N and Z is expected. To this end, alternative empirical formulae for 
ã were proposed by Al-Quraishi et al. [28,29]. They analysed the 
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measured NLDs at low excitation energies ∼ up to 8 MeV in the 
mass region of 20 < A < 110, and ended up with two preferred 
choices,

ã = αA

exp [β(N − Z)2] , (2)

and

ã = αA

exp [γ (Z − Z0)2] , (3)

where β and γ are empirical constants, and Z0 is the atomic 
number of the β-stable isobar situated at the bottom of the as-
sociated mass parabola. Z0 can be estimated from Eq. (A.2) of the 
Appendix. Since Eq. (2) is directly connected to the isospin asym-
metry (N − Z), it may be more critical for exotic nuclei in the 
low mass region, where stable nuclei lies near the N = Z line. On 
the other hand, the second formula gives stronger effects over the 
whole mass region when Z moves further away from the corre-
sponding β-stable isobar. Both the aspects are crucial for nucle-
osynthesis calculations associated to r- and rp-processes. There-
fore, it is extremely important to validate the above-mentioned 
empirical formulae through experiments.

Apart from the explicit N and Z dependences, it was rec-
ommended [12] that Eq. (1) can be improved by adding surface
(∝ A2/3) and curvature (∝ A1/3) corrections. These additional terms 
take into account the effects due to nuclear ground-state deforma-
tion. The modified ã can be written as [12],

ã = 0.04543r3
0 A + 0.1355r2

0 A2/3 Bs + 0.1426r0 A1/3 Bk, (4)

where r0 is the nuclear radius parameter. Bs and Bk are the coef-
ficients appearing due to the ground state deformation. Usually, 
quadrupole moment is the dominant deformation mode at the 
ground state, and it can be represented with the Bohr’s defor-
mation parameter β2. Expressions for Bs and Bk as a functions 
of β2 are given in Eq. (A.3) in Appendix. A deformed nucleus 
generally exhibits collective enhancement over the single parti-
cle level density which is due to the low-energy collective states 
associated with small amplitude collective motions. Signature of 
collective enhancement has been seen in a number of recent mea-
surements [13–18]. However, such effects do not hinder our search 
for isospin dependence in NLD as elaborated in Section 5. Also, the 
NLD parameter ã needs to be corrected for nuclear shell effect to 
get the shell corrected parameter a, which is incorporated here as 
described in Refs. [8].

In the last two decades, a few measurements were attempted 
to explore the isospin dependence of NLD in the mass region of 
A > 110 and at excitation energies above 8 MeV. In one of such 
studies, light particle spectra from the 60Ni + 92,100Mo reactions 
were measured in coincidence with the evaporation residues. No 
significant isospin dependence in NLD was observed [2]. Simi-
lar conclusion was drawn in the theoretical study by Charity and 
Sobotka [31]. In another experiment (32S + 107Ag) [32], somewhat 
better agreement was observed with Eq. (2); however, they could 
not provide a clear indication in favour of the (N − Z) depen-
dence. Further, in the above measurements, compound nuclei are 
populated using heavy-ion beams where the final outcomes are in-
fluenced by the large angular momenta, which in turn complicate 
the signature of individual effect like isospin.

There are renewed interests in the study of NLD triggered by 
recent measurements [33–35]. Particularly, evidences in support of 
the isospin dependent ã are observed. Also, in our last measure-
ment [35], Eq. (3) was found to be more suitable to explain the 
evaporated neutron energy spectra in two isobars of A =115. As 
a continuation, in the present work, we investigate the proper-
ties of NLD by testing different forms of ã for the three residues, 
2

115,119,127Te populated via 4He+112,116,124Sn reactions with com-
pound nuclear excitation energy (E∗

CN) in the range of 25-42 MeV.

2. Experimental details

The experiment was performed with the 4He beam, having en-
ergy in the range of 26-44 MeV, from the K130 Cyclotron facility 
at VECC. Isotopically enriched 112,116,124Sn targets of thickness 2.3, 
2.0, and 2.5 mg/cm2, respectively were placed inside a 3 mm thick 
stainless steel reaction chamber. Emitted neutrons were detected 
using four liquid scintillator based neutron detectors of dimen-
sions 5′′ × 5′′ placed at the laboratory angles of 55◦ , 120◦ , 135◦ , 
and 150◦ at a distance of 1.5 m from the target.

Energies of the emitted neutrons were measured by the time-
of-flight (TOF) technique. Each valid start of the TOF was generated 
from a 50-element BaF2 gamma-ray detector array [37] when at 
least two detectors of the array fired simultaneously and was in 
coincidence with the OR signal generated from all the neutron de-
tectors. The BaF2 array was divided into two parts in a staggered-
castle type geometry and was placed on the top and bottom sides 
of the reaction chamber. The neutron and gamma separation was 
achieved by both TOF and pulse shape discrimination using zero 
cross over (ZCO) measurements [38]. The pulse height (PH), ZCO 
time and TOF spectra were recorded on event by event basis using 
a VME based data acquisition system. The beam dump was kept at 
a distance of ∼3 m from the target position and was well shielded 
with the layers of lead and high density polyethylene (HDPE) for 
minimizing the contributions of background neutrons originated 
in the beam dump [39]. The pulse height spectra were calibrated 
using gamma-ray sources and the TOF was calibrated using the 
precision time calibrator.

3. Extracting evaporated neutron spectra

Typical two-dimensional spectrum comprising of ZCO and TOF 
are shown in Fig. 1(a) which indicates a clear separation between 
neutron and gamma events. The neutron TOF spectra were ex-
tracted from the ZCO vs TOF plot by projecting the recorded neu-
tron events along the TOF axis. The TOF spectra were subsequently 
converted to neutron energy spectra by incorporating a Jacobian 
transformation [40] and taking the prompt gamma peak as the 
time reference. Further, the neutron energy spectra were corrected 
for the efficiency of the neutron detectors, which were measured 
using the same setup with a 252Cf source placed at the target 
position. The contribution of the scattered neutrons from the sur-
rounding estimated using a shadow bar comprising of HDPE blocks 
having thickness of 30 cm was subtracted from the measured data. 
The energy spectra thus obtained at the forward (55◦) and back-
ward (150◦) angles for the 4He + 116Sn reaction at E∗

CN = 39 MeV 
are shown in Fig. 1(b).

3.1. Differentiating pre-equilibrium decay

The measured forward- and backward-angle spectra are com-
pared with the calculated spectra [see Fig. 1(b)] to isolate the 
possible effect of pre-equilibrium contributions. The theoretical 
calculations were performed with the TALYS (v1.8) code [41]. In 
this calculation, we consider two different nuclear decay modes: 
(1) the pre-equilibrium decay and (2) the compound nuclear de-
cay. In the TALYS calculations, contributions from (1) and (2) are 
estimated by employing the Exciton model [42,43] and the Hauser-
Feshbach (HF) model [44], respectively. Fig. 1(b) shows that the 
backward angle data can be reproduced well with the mode (2) 
alone, whereas both the modes are required to explain the forward 
angle data. Following this observation, we henceforth use only the 
backward-angle data to study NLD.
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Fig. 1. (a) Typical Zero Cross Over vs Time of Flight spectra shows a clear separa-
tion between neutron and gamma events (b) Neutron energy spectra from the 4He 
+ 116Sn reaction measured at forward (55◦) (open squares) and backward (150◦) 
(open circles) angles. Spectra calculated using the TALYS code considering com-
pound (solid line) and compound + pre-equilibrium (dashed and dash dotted lines) 
reaction modes are also shown for comparison.

4. Analysis of neutron energy spectra

4.1. Benchmarking model parameters

Neutron spectra following compound nuclear decay calculated 
using the HF formalism required NLD which is calculated using 
the Back-shifted Fermi Gas (BSFG) model [45] (see Appendix). NLD 
parameter ã is required as a input in this calculation which can be 
estimated using any of the formulae described in Eqs. (1) to (4). 
For using Eqs. (1)-(3) we need to determine the constant α be-
fore proceeding further. To this end, we consider 4He + 116Sn as 
our reference reaction as the major residue 119Te produced here 
(at lowest E∗

C N ) lie closest to the beta stability line at Z = 52. 
It should be pointed out that the experimental neutron spectra 
contain contributions from different stages of the decay cascade. 
However, at the present E∗

C N the spectra are mostly determined 
by the first chance (1n) neutron emissions (see Section 4.2) lead-
ing to 115Te, 119Te and 127Te as major residues for the reactions 
4He + 112Sn, 116Sn and 124Sn, respectively. First, we calculate the 
spectra for 4He + 116Sn at the lowest E∗

CN by employing Eq. (1). 
Corresponding χ2 between measured and calculated neutron spec-
tra was minimized by varying α. The optimum value of α thus 
obtained is 0.109 ± 0.001, which is very close to the previous es-
timate of 0.107 [29]. The same value of α was used for the other 
two reactions and in Eqs. (2) and (3) as well.

For a given reaction, the coefficients β and γ appearing in 
Eqs. (2) and (3), are less sensitive compared to α. The values of 
β and γ were taken from Ref. [29]. In case of Eq. (4), the ra-
dius parameter r0 was determined by fitting the measured spectra 
in 4He + 124Sn which is found to be 1.16 ± 0.01. In this reac-
tion 127Te is the most significant residue which is nearly spherical 
making Eq. (4) independent of β2. On the other hand, significant 
ground-state deformation of β2 ≈ 0.25 is found for the residues 
115,119Te populated in the other two reactions. The β2 values were 
3

estimated from the calculated total-Routhain-surface (TRS) in the 
macroscopic-microscopic model using Woods Saxon potential and 
Strutinsky shell correction approach [46].

Apart from the NLD, the HF model also requires transmission 
coefficients to estimate the statistical decay widths for different 
evaporation channels. These coefficients were calculated using the 
optical model (OM), where model parameters for neutron, pro-
ton [47], and α [48] were taken appropriately. We observed that 
the variations in the OM parameters have negligible effect in de-
ciding the spectral shape; whereas it is mainly governed by the 
NLD parameter a. Further, to reproduce the measured data, the 
calculated spectra were needed to be scaled down by a constant 
factor. This factor was determined by normalizing the calculated 
spectra with the measured data at the peak position. However no 
scaling is required for the spectrum of 4He + 112Sn calculated us-
ing Eq. (3). This trivial scaling procedure does not alter the shapes 
of neutron energy spectra.

4.2. Isolating different evaporation channels

Calculated inclusive neutron spectra and the partial contribu-
tions of different evaporation channels are shown in Fig. 2 for 
each individual reactions at the lowest E∗

CN. For the present re-
actions, the relevant evaporation channels are: one (1n), two (2n), 
three (3n) neutrons, proton followed by neutron (pn), and α fol-
lowed by neutron (αn). Relative contributions of different channels 
depend on the nuclear mass, charge, and E∗

CN. Here, we simply 
use Eq. (1) in the BSFG model to identify relative contributions of 
neutrons from different decay channels. Fig. 2 illustrates that, the 
majority (> 90%) of the evaporated neutrons come from the 1n-
channel for neutron energies En > 2.5 MeV in 4He + 112Sn, 116Sn 
and En > 5.5 MeV in 4He + 124Sn respectively. Contributions of 
other channels are only visible below these En limits, say E1

n . The 
values of E1

n however slightly depend on the choice of the formula 
used for the ã, and these are adjusted accordingly to include only 
the 1n-channel in the subsequent analysis.

4.3. Validation of different parametrizations of ã

Measured neutron energy spectra corresponding to the three 
reactions (Te residues) are compared with the theoretical spectra 
obtained using four different formulae of NLD parameter ã as given 
in Eqs. (1), (2), (3), and (4) and are shown in Fig. 3. Figs. 3(a)-
(c) show that, irrespective of the choice of reaction (Te isotope), 
Eq. (3) or the explicit (Z − Z0) dependence provides the best over-
all match in comparison to the other three prescriptions. This is 
also reflected in the ratio plot [see Fig. 3(d)-(e)] generated by di-
viding the measured data with the calculated spectra. Even though 
Eq. (4) takes the deformation effects into account, it fails to pre-
dict the data for the two strongly-deformed isotopes. Moreover, as 
both (N − Z) and (Z − Z0) vary considerably (see Table 1) among 
the different reactions, our conclusion on the stronger (Z − Z0)

dependency with respect to (N − Z) is quite unambiguous. Above 
conclusion is also not altered by any possible pre-equilibrium con-
tamination as the calculated distribution considering compound + 
pre-equilibrium decay fail to reproduce the measured data [see 
dashed lines in Figs. 3(a)-(c)].

The values of shell corrected NLD parameter a for the most 
significant residue nuclei in the three cases resulting from the 
(Z − Z0) formula are tabulated in Table 1. Evidently, NLD param-
eter a decreases for the two isotopes located away from the β-
stability line. The rate of reduction is sharper than that predicted 
by the global systematics [49] (see Table 1); the best agreement 
with the systematics being found for the heaviest isotope.

Next, we investigate the robustness of our conclusion at higher 
E∗ . In general, α [see Eq. (1)] may vary with E∗ . Therefore, we 
CN CN
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Fig. 2. Calculated neutron energy spectra from different evaporation channels along with the total spectra for 4He + 112,116,124Sn are shown in panels (a), (b), and (c). The 
dominance (> 90%) of 1n-channel is found to be obvious for the three systems, whose initial energy ranges are indicated by arrows.

Fig. 3. Panels (a), (b) and (c) show experimental data for 4He + 112,116,124Sn in symbols. The calculated spectra considering compound nuclear decay with NLD estimated 
using BSFG model for four different formalism of NLD parameter [Eqs. (1)-(4)] are shown in solid lines. Excitation energy of the corresponding compound nuclei formed in 
these reactions are mentioned in the figure. Calculated spectra considering compound + pre-equilibrium decay are shown in dashed line; one with Talys default parameters 
and another with Eqn. (3) for compound nuclear decay and Talys default for pre-equilibrium. Calculated spectra shown in panels (a), (b), and (c) are scaled down by factors 
of 1.35, 2.8, and 2.0, respectively (see text). No such factor is used for calculated spectra using Eq. (3) in 112Sn. Panels (d), (e) and (f) show ratio plots between the measured 
data and the spectra calculated for compound nuclear decay using different formalisms of NLD parameter. Shaded regions indicate the uncertainty in the ratio. Magenta line 
passed through the centre on y-axis is for reference.

Table 1
Ground state quadrupole deformation β2, neutron separation energy Sn , (N − Z ) and (Z − Z0) are shown for the dominant evaporation residues formed in the 4He + 
112,116,124Sn reactions. S P

n is the neutron separation energy of the parent nucleus. Shell corrected NLD parameters a and NLDs at Sn for the three different residues are also 
shown.

Nucleus β2 Sn SP
n (N − Z ) (|Z − Z0|) a a ρ(Sn)

populated [see text] present work Ref. [49] expt. [sysm.]
(MeV) (MeV) (MeV−1) (MeV−1) (MeV−1)

115Te 0.25 8.24 11.27 11 2.5 11.291 12.182 6.21 × 105 (estm.)
119Te 0.24 7.56 10.25 15 1.0 14.378 13.223 6.41 × 105 (estm.)
127Te 0.08 6.29 8.78 23 2.1 12.281 12.243 5.87 × 104 (expt. D0)
refit α for different E∗
CN of the reference nucleus (119Te); this does 

not perturb the general conclusion on ã discussed above. In fact, 
E∗

CNs of the three isotopes do not exactly overlap. Accordingly, we 
interpolate α to eliminate possible discrepancies arising from this 
energy mismatch. We find that the observed nature of ã expressed 
by Eq. (3) remains to be the best option even at higher beam ener-
gies. To demonstrate this, we determined the inclusive differential 
cross-section (dσ/d�)150◦ of neutron-evaporation at 150◦ by inte-
grating the neutron spectra over the whole En range to taken into 
account all the possible evaporation channels. For higher E∗

CN, we 
can not restrict the analysis to the 1n-channel only as its contri-
bution to the total spectra reduces drastically with the increase in 
energy. Calculated (dσ/d�)150◦ are compared in Fig. 4 with our 
measured data for different Ec.m.. A better agreement, especially 
for the 4He+112Sn reaction, can be observed when Eq. (3) is used 
to estimate the NLD parameter ã.
4

5. Determination of nuclear level density

The backward angle neutron spectra measured at the lowest 
beam energy were used to extract NLDs of the residual nuclei, 
115,119,127Te populated in three reactions. To this end, we employ 
the following scaling relation [50]:

ρexp(E∗) = ρmodel(E∗) (dσ/dEn)exp

(dσ/dEn)model
. (5)

Here, the excitation energy of the residue (E∗) is determined from 
the corresponding E∗

CN, since E∗ = E∗
CN − SP

n − En; SP
n being the 

neutron separation energy of the parent nucleus as given in Ta-
ble 1. The ρmodel and the associated cross sections were calculated 
using the BSFG model [Eq. (A.1)] where Eq. (3) was used to calcu-
late ã. NLDs were extracted only using the part of the spectra for 
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Fig. 4. Measured dσ/d� at 150◦ plotted as a function of centre-of-mass energy 
Ecm are shown in symbols. Lines represent calculated differential cross sections 
considering all neutron evaporation channels. Calculations are done using differ-
ent formulae of NLD parameter described in Eqs. (1)-(4). Calculated cross sections 
are scaled down by the same factors as used in Fig. 3(a)-(c).

Fig. 5. Panel (a) shows the NLDs at Sn for different Te-isotopes determined from the 
experimental D0 values (solid square), and the calculated NLDs (solid line) using 
BSFG model (see text). Symbols in open square and open circle are the estimated 
ρ(Sn) for 115Te and 119Te, respectively. Panel (b) shows the measured nuclear level 
densities for 115,119,127Te as function of residue excitation energies, which are nor-
malized at the respective neutron separation energies (see text). Shaded regions are 
the uncertainties in NLDs (see text). Solid line histograms are the NLDs obtained 
from the known discrete energy levels and dashed lines are the BSFG model calcu-
lations.

which En > E1
n . Since Eq. (5) alone cannot determine the absolute 

values of NLD [20]. The measured NLDs were further normalized 
with respect to ρ(Sn), which was determined in absolute scale at 
E∗ = Sn .

For 127Te, ρ(Sn) was extracted from the experimental average 
neutron resonance spacing D0 [22] measured at E∗ = Sn . Corre-
sponding relation [Eq. (A.4)] is given in the Appendix. Unfortu-
nately, measured D0 values are not available for 115,119Te. There-
fore, we obtain ρ(Sn) of these two isotopes using the following 
procedure. First, ρ(Sn)s were calculated from Eq. (A.4) for all the 
odd-mass Te isotopes for which the experimental D0 values are 
available. These are plotted in Fig. 5(a) as a function of the neu-
tron number. Then, we recalculate these ρ(Sn) by using the BSFG 
model with the parameters taken from the global systematics [49]. 
It is observed [see Fig. 5(a)] that the BSFG model could nicely re-
produce the general trend of experimental ρ(Sn) when multiplied 
by a factor of 1.3. Finally, we obtain ρ(Sn) for 115,119Te by extrap-
olating the same BSFG calculation to the respective masses. This 
is demonstrated in Fig. 5(a) and the extracted values of ρ(Sn) are 
mentioned in Table 1. For 127Te, since the initial E∗ is higher than 
Sn , an additional normalization at E∗ = 10.5 MeV was done by de-
termining ρ(10.5MeV ) using the same procedure as described for 
115,119Te.

The normalized ρexp(E∗) for the three isotopes are plotted as a 
function of E∗ in Fig. 5(b). Transparent shaded regions are the un-
certainties in NLDs incorporating systematic as well as statistical 
uncertainties. Detail procedure for the estimation of uncertainties 
are described in the appendix. An extrapolation of the measured 
NLDs down to the lower E∗ are obtained using BSFG calculation 
shown in dashed line. Extrapolated NLDs match quite nicely at 
E∗ ∼ 1.5 MeV with the same obtained from the known discrete
levels [51] except for 115Te.

It can be seen that the measured NLDs of 115,127Te at any E∗
are lesser than the NLD of 119Te. Precisely, at E∗ = 10.5 MeV, the 
NLDs of 115,127Te is lower by a factor of 3 in comparison to that 
of 119Te. Although the reduction factor may change due to uncer-
tainty in the D0 estimation for 115,119Te, but the general trend is 
established independently from the analysis of the neutron en-
ergy spectra itself where the data for all the isotopes could only 
be explained simultaneously using the (Z − Z0) form of the NLD 
parameter. It is also important to mention here that, the reduc-
tion of NLD in 115,127Te in comparison to 119Te is not due to the 
deformation driven collective enhancement otherwise the change 
in NLD for 115,127Te would be in opposite direction. More exper-
imental data for a range of isotopes in different mass regions are 
required to validate the isospin dependent prescriptions of the NLD 
parameter on the global mass range.

6. Conclusions

A systematic study is performed to understand the (N − Z)

asymmetry dependence on the nuclear level density by measur-
ing the emitted neutrons from 4He + 112,116,124Sn reactions in the 
excitation energy range of 25-42 MeV. Measured neutron energy 
spectra are compared with the statistical model calculation includ-
ing the isospin dependent and independent prescriptions of level 
density parameter. Among the available formalism, the isospin de-
pendent prescription in the form of (Z − Z0) is found to be most 
suitable in reproducing the measured spectra for all the three re-
actions. Further, nuclear level densities determined from the mea-
sured neutrons spectra show a reduction for 115,127Te in compar-
ison to that of 119Te, which lies closer to the beta stability line. 
Such kind of experimental results on isospin dependence of nu-
clear level density has been unveiled for the first time in a range 
of isotopes with A >110.
5
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Appendix A

Level density expression ρ(E∗) at excitation energy E∗ follow-
ing Back-shifted Fermi Gas model [45] can be expressed as

ρ(E∗) = 1

12
√

2σ

exp 2
√

a(E∗ − 	)

a1/4(E∗ − 	)5/4
, (A.1)

where a is the level density parameter, 	 is an empirical param-
eter related to the pairing energy and σ is the spin cutoff param-
eter. NLD parameter a depends on the excitation energy which 
can be written as a(U ) = ã[1 + 	S

U (1 − exp(−γ U ))] [8] where 
U = E∗ − 	 and ã is the asymptotic value of level density param-
eter. 	S is the ground state shell correction energy which is taken 
from Ref. [52]. Parameter γ determines the rate at which the shell 
effect is depleted with the increase in excitation energy which is 
taken from Ref. [21].

The value of 	 is estimated as χ(12/
√

A) + δ [21]. Here χ = -1, 
0, 1 for odd-odd, odd-even, even-even nucleus, δ is the additional 
pairing energy shift with a global constant value 0.17301 and A is 
the nuclear mass. Sensitivity of 	 in the determination of NLD pa-
rameter a has been checked by varying 	 from its calculated value 
by 20%. The resultant variation in a was found to be negligible for 
the studied system.

The value of σ can be calculated using any of the five differ-
ent models available in the literature [21,49,53,54]. However these 
values vary to a large extent e.g. for 119Te, the values lie between 
4.31 [49] and 6.03 [53]. Therefore the range of σ values were de-
termined for each nucleus and NLDs were calculated using middle 
of the σ range [55]. The deviation of this value from the two ex-
tremes were used to determine the systematic uncertainty in NLD. 
Total uncertainties are obtained by adding in quadrature the sta-
tistical and systematic uncertainties.

For isobaric nuclei having mass A, the atomic number Z0 of 
the beta stable nucleus can be estimated using the following rela-
tion [29]

Z0 = 0.5042A

1 + 0.0073A2/3
. (A.2)

The coefficients Bs and Bk , as described in Eq. (4) [12], can be 
determined from the value of nuclear deformation parameter (β2) 
using the following relations:

Bs = 1 + β2
2 −

√
5

3
β3

2 − 33
2
β4

2
2π 1764π 56π

6

Bk = 1 + β2
2

2π
+

√
20

441π3
β3

2 − 41

56π2
β4

2 (A.3)

The level density at the neutron separation energy can be de-
termined using the experimental average neutron resonance spac-
ing (D0) as per the following relation [56]:

ρ0(Sn) = 2σ 2

D0
[(It + 1)exp

−(It + 1)2

2σ 2
+ It exp

−I2
t

2σ 2
]−1. (A.4)

Here, It is the spin of the target nucleus and σ can be determined 
using the parametrization of Ref. [49].
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