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Abstract. Nucleon emission from high spin fused compound systems is analyzed in the framework
of the statistical theory of hot rotating (STHR) nuclei. This is an elaborate version of our earlier
work and we present our results for 156 Er, 166 Er, 168 Yb and 188 Hg. We predict an increase in neutron
emission for 166 Er due to the abrupt decrease in neutron separation energy around I  55~. Since the
drop in the separation energy is closely associated with the structural changes in the rotating nuclei,
relative increase in neutron emission probability around certain values of angular momentum may be
construed as evidence for the shape transition. A similar effect is predicted for 168 Yb around I  55~.
We also extend the microscopic cranked Nilsson method (CNM) to hot nuclear systems and compare
the results with that of the STHR method. The two methods yield different results for triaxially
deformed nuclei although for biaxial deformations the results are identical. This is illustrated for
186 Hg.
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1. Introduction
In [1], we have proposed a statistical approach to extract the nucleon separation energies
for high spin hot nuclear systems, and demonstrated that the separation energy fluctuates
with nuclear spin and that it is closely associated with the structural transitions of collective de-excitation of the system. This is contrary to the classical notion of monotonously
decreasing separation energy with increasing angular momentum. We have reported in ref.
[1] some results for 156 Er formed in the reaction 96 Zr (64 Ni,xn) 155 Er, which are in good
agreement with the experimental results of Henss et al [2] for single neutron emission.
We present here an elaborate study of the neutron [3] and proton separation energies of
high spin hot nuclei like 156 Er, 166 Er, 168 Yb and 188 Hg. Abrupt decrease in the neutron
separation energies around I  55~ for 166 Er and 168 Yb is observed for excitation energies
E   45 MeV. It is conjectured that for these two nuclei, neutron emission probabilities
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should increase sharply beyond 55~ for a given excitation energy. But as the angular momentum increases, a greater part of the excitation energy will be associated with the collective rotation rather than with the thermal heating which aids evaporation of nucleons. If
one analyzes the neutron emission from hot high spin systems like 166 Er and 168 Yb around
30–60~, then it should be possible to observe an increase in emission probability around
55~ due to the abrupt fall in the neutron separation energy. In view of this phenomenon of
enhanced neutron emission probability due to structural changes in the rotating system, we
suggest that observance of relative increase in neutron emission around certain I values is
an indication of structural transitions [4].
In the present work we also try to elaborate on the two methods of analyzing very high
spin systems:
1. The statistical theory of hot rotating nuclei (STHR) developed by Moretto [5].
2. The cranked Nilsson oscillator model (CNM) extended to hot rotating nuclei in the
present work.
In the STHR method of Moretto [5], the single particle levels of deformed nuclei are
used and a Lagrangian multiplier projects out different angular momentum states of the
system from the grand partition function [6]. The relationship between the Lagrangian
multiplier γ and the collective frequency of rotation ω of the system have not been established hitherto, although it is obvious that they should be equal to one another as long as
the single particle spin projections along the symmetry axis is a good quantum number.
The single particle spin projections m z is a good quantum number only for biaxial deformation of the system, i.e., axially symmetric shapes of the nuclei. However, for triaxial
deformations the single particle spin projection m z ceases to be a good quantum number
since the matrix elements for a triaxially deformed system connects states of different m z .
In the cranked Nilsson model (CNM) [7–9], the rotational part of the Hamiltonian ω!
 jz!
;
where ω is the rotational frequency, is diagonalized using oscillator basis [9]. The effect
of ω!
 jz!is to split states with spin projections mz ; which are degenerate in the case of
biaxial deformations. Since the Hamiltonian [10] for a triaxially deformed nuclei connects
states of different m z , the introduction of ω!
 jz!gets contribution from all m z states, and
only h jz i are known; h jz i vanishes when the spins align in the direction perpendicular to
the symmetry axis.
We have extended the cranked Nilsson model to hot nuclei and observe that the Lagrangian multiplier γ in the statistical model (STHR) [1,11–15] and rotational frequency
ω in the CNM [8] are identical for the axially symmetric shapes and as triaxial deformation sets in, the values of ω and γ are different. This is illustrated for 186 Hg. We have also
calculated other parameters of the nuclei like single particle level density parameter, neutron and proton separation energy, moment of inertia and the collective rotational energy
of the system for spins ranging from 0 to 35~ and temperatures 0.3 and 1.0 MeV. Shape
transitions are observed around spins 5~ and 20~ [15,16–19].
Pairing correlations are introduced along with the collective rotation and the interplay
between various degrees of freedom like deformation, angular momentum, and temperature of the system and the pairing gap parameter ∆ is an important aspect of the statistical
method [1,5,13]. It is clear that the pairing correlations will inhibit states of higher angular
momentum whereas rotation tries to break the pairs and align their spins along the direction
of rotation. In §2, the cranked Nilsson Hamiltonian is described. We give a brief resume of
the two methods (STHR and CNM) of studying high spin hot systems in §3 and §4: In §5,
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methods of evaluating parameters like nucleon separation energies, level density parameter, moment of inertia and the collective rotational energy of the hot system are given. The
results are presented and discussed in §6. Conclusion is drawn in §7.
2. Cranked Nilsson Hamiltonian
The Hamiltonian for the cranked Nilsson oscillator H ω is given by [20]
Hω
where

H0

=H

!

ω!
 jz ;

0

(2.1)

is the triaxial Nilsson Hamiltonian which can be written as [10]
H 0 = p2 =(2m) + (m=2)(ωx2x2 + ωy2 y2 + ωz2 z2 )
+c l

0

! ! 2! 2!
 s + D(l 2hl i)
0

0

(2.2)

:

The three oscillator frequencies are given by

ωx = ω0 fx (a0 ; a2 ) = ω0 =[1

a0(16Π=5)

1=2

+ a2 (8Π=15)

1=2

];

(2.3)

ωy = ω0 fy (a0 ; a2 ) = ω0 =[1

a0(16Π=5)

1=2

a2(8Π=15)

1=2

];

(2.4)

ωz = ω0 fz (a0 ; a2 ) = ω0 =[1 + a0(4Π=5)

1=2

];

(2.5)

with the constraint that the total volume remains constant, i.e.,

ωx ωy ωz = ω̇03 ;

(2.6)

where ~ω0 is the undeformed oscillator spacing given by

~ω0 = 35 MeV=(A1

=

3

+ 0:77):

(2.7)

The deformation parameters a 0 and a2 are varied in the range a 0 = 0:6 to +0:6 and
a2 = 0:01 to 0:06. For the Nilsson parameters κ and µ , values are chosen from ref. [21].
The triaxial Nilsson Hamiltonian is diagonalized in the cylindrical representation [9,10].
The non-rotational part of the Hamiltonian in eq. (2.1) can be written as
H 0 = 12 ~ω0 [ fρ f ∇2ρ + ρ 2g + fz f

0

! ! !2
 s + D(l

+H + C l

0

0

(∂

2

∂ z2 ) + z2 g]

=

N (N + 3));

(2.8)

where
H 0 = 12 ~ω0 fd f

(∂

2

∂ x2 ) + (∂ 2 =∂ y2 ) + x2

=

y2 g;

(2.9)

with
fρ

1
= 2 ( fx + fy )

and f d

1
= 2 ( fx

fy ):

(2.10)

The single particle spin projections m z along the symmetry axis are also needed for the
calculations. In eq. (2.1) the Hamiltonian reduces to the usual triaxially deformed nuclear
Hamiltonian when ω is set to zero.
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3. Statistical theory of hot rotating nuclei
We start with the grand canonical partition function for a system of N neutrons and Z
protons in a state of total angular momentum M rotating about the symmetry axis z. The
statistical properties of the system are contained in the grand partition function. The logarithm of the partition function for the superfluid nucleus Q BCS is given by [5]
lnQBCS = β ∑(εkn

Ekn ) + ∑ lnf1 + exp[ β (E kn

λn

k

γ mnk )]g

k

β ∆2n=Gn ;
(3.1)

where Ekn =( [ εkn λn )2 + ∆2n ]1=2 are the quasi-particle energies given in terms of single
particle energies εkn ; chemical potential λ n and the pairing gap ∆ n : The single particle
levels εkn correspond to the Hamiltonian given in eq. (2.1) with ω = 0:
The average particle number, energy and angular momentum of the system are given by

hN i = ∑ 1 f(εkn

λn )[tanh 12 β (Ekn

k

hEni = ∑ εkn



k

hMn i = ∑[mnk

(3.2)

k

f(εkn

1

γ mnk )]=2Ekn g = ∑ nnk ;

λn )[tanh 12 β (Ekn

1 + exp β (Ekn

=(



γ mnk )]=2Ekn g

γ mnk)]:

∆2n =Gn ;

(3.3)

(3.4)

k

The pairing gap equation is given by
2=Gn = ∑[tanh 12 β (Ekn

γ mnk )]=2Ekn ;

(3.5)

k

where Gn is the pairing strength parameter [22]. The entropy S n of the system is calculated
using the equation
Sn = ∑ lnf1 + exp[ β (E kn
k

+β

∑[(Ekn

γ mnk )]g

γ mnk)=(1 + exp β (Ekn

γ mnk))]:

(3.6)

k

The superscript n denotes neutrons. A similar set of equations exist for protons. The total
angular momentum M, the total energy E (M ; T ) and total entropy S are then obtained using
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M = Mn + Mz ;

(3.7)

E (M ; T ) = En (M ; T ) + Ez(M ; T );

(3.8)

S = S n + Sz :

(3.9)
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As illustrated by Moretto [5], the laboratory-fixed z-axis can be made to coincide with
the body-fixed z 0 -axis and it is possible to identify and substitute M for the total angular
momentum I. In the quantum-mechanical limit, the z component M of the total angular
momentum M = Mn + Mz ! I + 1=2 where I is the total angular momentum of the system.
The excitation energy E  (M ; T ) and free energy F (M ; T ) of the system are given by
E  (M ; T ) = E (M ; T )
F (M ; T ) = E (M ; T )

E0;

(3.10)

T S:

(3.11)

where E (M ; T ) is the total energy of the system for a given temperature T and E 0 is the
ground state energy of the system.
It is important to note that the single particle levels ε kn correspond to the Hamiltonian
given in eq. (2.1) with ω = 0: This is the major difference between the two methods.
Equations (3.2), (3.4) and (3.5) fix λ n , γ and ∆n in the pairing formalism. It should be
noted here that when triaxial deformations are introduced, only average values of m z = h jz i
contribute.

4. Cranked Nilsson oscillator model of hot rotating nuclei
Here we use the eigenvalues ε k (ω ) generated by cranked Nilsson Hamiltonian [7], given
in eq. (2.1) with finite values of ω . The corresponding partition function is
ln QBCS (ω ) = β ∑(εkn (ω )

λk

Ekn (ω ))

k

+

∑ ln[1 + exp(

β E kn (ω ))]

β ∆2n =Gn

(4.1)

k

where Ekn (ω ) =( [ εkn (ω ) λn )2 + ∆2n ]1=2 are the quasi-particle energies of the rotating system. The number, energy and angular momentum conservation equations for the superfluid
state are

hN i = ∑ 1 f(εkn
k

hEni = ∑ εkn



f(εkn

1

k

hMn i = ∑[mnk

λn )[tanh 12 β (Ekn (ω ))]=2Ekn (ω )g = ∑ nnk ;

(4.2)

k

λn )[tanh 12 β (Ekn (ω ))]=2Ekn (ω )g

1 + exp β (Ekn (ω )))]:

=(



∆2n =Gn ;

(4.3)

(4.4)

k

The pairing gap equation is given by
2=Gn = ∑[tanh 12 β (Ekn (ω )]=2Ekn (ω ):

(4.5)

k
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Here mk = h jz i are the average values of the operators j z . The excitation energy of the
system is given by
En =

∞

∑ εkn (ω )nnk

k =1

N

∑ εkn (0)

(4.6)

:

k=1

The entropy S n of the system is calculated using the equation
Sn = ∑ ln(1 + exp[ β E kn (ω )]) + β ∑ Ekn (ω )=(1 + exp[β Ekn (ω )]):
k

(4.7)

k

The superscript n denotes neutrons. A similar set of equations exist for protons. The
total angular momentum M, the total energy E (M ; T ) and total entropy S are then obtained
using
M = Mn + Mz ;

(4.8)

E (M ; T ) = En (M ; T ) + Ez(M ; T );

(4.9)

S = S n + Sz :

(4.10)

The excitation energy E  (M ; T ) and free energy F (M ; T ) of the system are given by
E  (M ; T ) = E (M ; T )
F (M ; T ) = E (M ; T )

E0;

(4.11)

T S;

(4.12)

where E (M ; T ) is the total energy of the system for a given temperature T and E 0 is the
ground state energy of the system.

5. Methods of evaluating various parameters
5.1 Nucleon separation energy
As illustrated in ref. [1], we can extract the nucleon separation energy S P and SN using the
free energy of the system. The general expression for neutron or proton separation energy
would be
SN (P) = ∂ ΩN =∂ N ;

(5.1)

where ΩN = T ln Q and N is the number of neutrons or protons. In the STHR, ‘lnQ’ is
defined by eq. (3.1) and in CNM ‘lnQ’ is defined by eq. (4.1). Substituting for Ω N in the
above equation we get
SN
80

=

T

∂ ln Q ∂ αN
:
∂ αN ∂ N
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By definition,

∂ ln Q
∂ αN

= N:

In the absence of pairing correlations,

∂ αN
∂N

h
=

i 1

∑[(1

ni)ni ]

;

i

where ni is the single particle occupation probability
ni = f1 + exp[β (εi + γ mi

µ )]g

1

:

With pairing correlations the equation is written as

∂α
∂N

1
=∑
n
i 2β Ek
(



"


(ε n
n
γ mk ) + k

1
tanh β (Ekn
2

β En
γ mnk) k
2

1
sec h2 β (Ekn
2





λ n )2

#

Ek2

1
tanh β (Ekn
2

)

γ mnk )

:

(5.3)

When T  0:5 MeV as is usually the case in most of the fused compound systems, i.e.,
when the pairing correlations are not significant, the expression for the neutron (proton)
separation energy is
(

SN (P) = T N

) 1

∑[(1

n i )n i ]

:

(5.4)

i

Results of the calculations are presented in figures 1a and 1b for the nuclei 156 Er, 166 Er,
168 Yb and 188 Hg without pairing and figures 1c and 1d with pairing. The values of S and
P
SN obtained using the two methods are discussed in §6.
5.2 The single particle level density parameter
The single particle level density parameter a(M ; T ) as a function of angular momentum M
and temperature T is extracted using the equation [13]
a(M ; T ) = S2 (M ; T )=4E  (M ; T ):

(5.5)

The results for the nuclei 156 Er, 166 Er, 168 Yb and 188 Hg are presented in figures 2a and 2b
and are discussed in §6.
5.3 Collective rotational energy
Using eqs (3.3), (3.4), (4.3) and (4.4) we have calculated [1] the rotational energy E rot at
spin M as
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Figure 1. (a) The neutron separation energy SN as a function of angular momentum M and T ,
without pairing correlations, for 156 Er, 166 Er, 168 Yb and 188 Hg. The numbers on the curve refer to
the temperature T in MeV. (b) The proton separation energy SP as a function of angular momentum
M and temperature T , without pairing correlations for 156 Er, 166 Er, 168 Yb and 188 Hg. The numbers
on the curve refer to the temperature T in MeV. (c) The neutron separation energy SN with (dashed
curve) and without (solid curve) pairing correlations for 156 Er, 166 Er, 168 Yb and 188 Hg with T = 0:3
MeV. (d) The proton separation energy SP with (dashed curve) and without (solid curve) pairing
correlations for 156 Er, 166 Er, 168 Yb and 188 Hg with T = 0:3 MeV.
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Figure 2. (a) The single particle level density parameter a as a function of T for various
M for 156 Er, 166 Er, 168 Yb and 188 Hg. The numbers on the curve refer to the angular
momentum M in units of ~. (b) The single particle level density parameter a as a
function of M for various T for 156 Er, 166 Er, 168 Yb and 188 Hg. The numbers on the
curve refer to the temperature in MeV.

Erot = E (M ; T )

E (0; T ):

(5.6)

The collective rotational energy has been used to calculate the nucleon emission probability. The result of the two methods is presented in figures 3a and 3b and is discussed in
§6.
5.4 Moment of inertia
The moment of inertia is obtained using the expressions [8,23]

θ1 = ~2 I (∂ Erot =∂ I )
θ2 = ~2 (∂ 2 Erot =∂ I 2 )

1

(5.7)

;

1

:

(5.8)

The first expression is a global one whereas the second is a local definition of the moment
of inertia. Note that when E rot ∝ I 2 both the expressions yield the same result. These values
of the moment of inertia are used in extracting neutron emission probability. The results
are presented in figures 4a–4d.
Pramana – J. Phys., Vol. 60, No. 1, January 2003
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Figure 3. (a) The rotational energy as a function of angular momentum M and temperature T for 155 Er. The numbers on the curve refer to the temperature in MeV. The
insert graph is for T = 0:8 MeV and the dotted line indicates the band crossing. (b) As
in figure 3a for 165 Er. (c) As in figure 3a for 167 Yb. (d) As in figure 3a for 187 Hg.

5.5 Nucleon emission probability
The number of neutrons emitted within an energy interval E n and (En + dEn ) is evaluated
using [24]
84
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Figure 4. (a) Moment of inertia as a function of M for 155 Er. Solid line represents the
moment of inertia calculated using eq. (5.9) and dotted line represents the moment of
inertia of the rigid spherical nucleus. (b) As in figure 4a for 165 Er. (c) As in figure 4a
for 167 Yb. (d) As in figure 4a for 187 Hg.

φ (En ) = dN (En )=dEn = CEn ρ (U );

(5.9)

where U = E  Erot SN En and En is the outgoing neutron energy, and the level density
ρ (U ) at an excitation U is obtained using the formula [25]

p

p

ρ (U ) =( [ ~2 =2θ )3=2 (2I + 1) aexp(2 aU )]=[12(U + T )2 ]:

(5.10)

In the above equation, θ is the moment of inertia and a is the single particle level density
parameter. The neutron emission spectra are plotted in figures 5a–5d for various angular
momentum.
5.6 The relationship between γ and ω
In the STHR method, eq. (3.4) is used to generate different angular momentum states for
a given temperature and particle number. Calculations have been performed for 186 Hg
for temperature 0.3 and 1.0 MeV. The values of the Langrangian multiplier γ is plotted vs. temperature and angular momentum. In the CNM method, eq. (4.4) is used to
generate the different angular momentum states for the same nucleus 186 Hg and for the
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Figure 5. (a) Neutron emission spectrum for various spins for 156 Er. (b) As in figure
5a for 166 Er. (c) As in figure 5a for 168 Yb. (d) As in figure 5a for 188 Hg.

same temperature. The values of the rotational frequency ω are plotted vs. temperature and
angular momentum. From figure 6a, it is obvious that γ = ω for biaxial deformation and
γ 6= ω for triaxial deformations. Also for triaxially deformed nuclei the various parameters
evaluated in the previous sections using the two methods yield different results. The result
is shown in figures 6–12.

6. Results and discussions
Classically one expects the neutron separation energy to decrease with increasing angular
momentum of the system. This may be true for systems with uniform distribution of matter
rotating at constant speed. However, when the system is made of constituent elementary
sub-systems with individual spins and momenta, the separation energy depends on the
structural fluctuations associated with rotation of the microscopic system.
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Figure 6. (a) Collective rotational frequency for 186 Hg as a function of temperature T
and deformation for M = 30~ using the STHR and CNM calculations. The deformation
parameters a2 and a0 are shown in the figure, the first coordinate being a2 and the
second one being a0 . (b) Collective rotational frequency for 186 Hg as a function of
angular momentum M and deformation for T = 1:0 MeV using the STHR and CNM
calculations. The deformation parameters a2 and a0 are shown in the figure.

Figure 7. (a) Collective rotational frequency vs. M for T = 0:3 MeV, for prolate
deformation. The insert graph is for T = 1:0 MeV. The axes of the inset graph are the
same as the main graph. (b) As in figure 7a for oblate deformation.
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Figure 8. (a) Collective rotational frequency vs. collective rotational energy Erot , for
T = 0:3 MeV, for prolate deformation. The insert graph is for T = 1:0 MeV. The axes
of the insert graph are the same as the main graph. (b) As in figure 8a for oblate
deformation.

Figure 9. (a) The single particle level density parameter a as a function of angular
momentum M for T = 1:0 MeV using STHR and CNM calculations, for prolate deformation. (b) As in figure 9a for oblate deformation.

Since the statistical theory employed in the present study takes into account the behavior
of nucleons and their reactions to the collective rotation induced by the transfer of relative
angular momentum and kinetic energy into intrinsic excitation of the system with several
modes of de-excitation, it should be the appropriate formalism for application to the study
of particle number and angular momentum fluctuations in hot rotating nuclei.
88
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Figure 10. (a) Neutron separation energy SN vs. angular momentum M for T = 1:0
Mev using STHR and CNM calculations, for prolate deformation. (b) As in figure 10a
for oblate deformation.

Figure 11. (a) Proton separation energy SP vs. angular momentum M for T
for prolate deformation. (b) As in figure 11a for oblate deformation.

= 1 0 MeV,
:

The neutron separation energy S N is shown as a function of spin up to 75~ in figure 1a
for 156 Er, 166 Er, 168 Yb and 188 Hg without pairing correlations. There is a general tendency
for these heavier high spin systems to experience an abrupt change in the neutron separation energy beyond 50~: This abrupt fall in S N by about 0.5 to 1.5 MeV should result
in an increase in neutron emission for high spins provided the system has enough excitation energy. For the cases considered above, the excitation energy E  around temperature
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Figure 12. (a) Neutron gap parameter ∆n as a function of collective rotational frequency
for T = 0:3 MeV, for 186 Hg. The numbers 1 and 2 on the curve correspond to the ∆n
obtained by the STHR and CNM calculations respectively. The corresponding spins
generated by the two methods are shown in curves 3 and 4. (b) As in figure 12a for
proton gap parameter ∆p :

1.2 MeV is roughly 35 to 45 MeV. The minimum value of S N occurs at I = 55~ for almost
all nuclei, corresponding to shape transition from prolate to oblate [26,27]. This seems
to be a feature of N = 88 systems, since similar structural changes has been reported by
Cranmer-Gorden et al [28] for 154 Dy which is also an N = 88 system. Since N = 88 isotones lie between N = 86 isotones (which have a spherical ground state with rotational
states built by nucleon alignments near Fermi energy), and N = 90 isotones (which have a
prolate ground state configuration with high spins developed by collective rotation and nucleon alignments), they are subjected to shape changes as the spin of the system increases
beyond 30~:
In figure 1b, the proton separation energy S P as a function of various spin and temperature is shown. Its behavior is slightly different from the one for neutron separation energy
at high spins. Although S P is drastically lowered by about 0:5 to 1:0 MeV, proton emission
[29] is inhibited by the Coulomb barrier. Since the nuclei are deformed, the barrier height
is not uniform along the nuclear surface. Emission of protons in regions of lower Coulomb
barrier height is still possible at high spins.
In figure 1c, the variation of S N (dashed line) with spin M is shown for T = 0:3 MeV,
when the pairing correlations are important; S N fluctuates with spin because of shape fluctuations. For I > 20~, the pairing gap ∆ n ! 0, is indicating superfluid to normal state
transition since collective rotation tends to break the pairs as spin increases. In figure 1d,
the proton separation energy as a function of M is shown for T = 0:3 MeV. The trends are
the same as that of S N . At T > 0:5 MeV and I > 10~, the pairing gap ∆ p ! 0 when the
nuclear transitions from superfluid to normal state occur, these fluctuations disappear.
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In figures 2a and 2b the corresponding values of the level density parameter are shown
as a function of temperature and spin. The single particle level density parameter a for
all M values shows a linear behavior for temperature greater than 1.0 MeV. This aspect
has been already reported by us in an earlier work on level density parameter [13]. The
curve shows a minimum around I = 55~ for all the nuclei considered in this text. From
shell correction point of view, a lower value of a indicates relatively greater stability of
the system. The shape transitions around these angular momentum states are due to the
minimization of the energy of the system with respect to shape parameters a 0 and a2 : The
rotational energy is lowered by these shape transitions and the angular momentum states
beyond these transition points correspond to the different shapes brought about by the
minimization of energy. It is also referred to as band crossing as indicated in the insert
figures 3a–3d by dotted lines which are extrapolation of the different bands. For 155 Er,
165 Er, 167 Yb and 187 Hg, a single band crossing around I = 55~ is observed. The total
excitation energy E  of the system corresponding to the temperature 0.8 MeV is 30 MeV.
The rotational energy E rot of the residual nucleus is used in the calculation of neutron
emission probability.
At the band crossing due to shape changes, the moment of inertia changes sharply and
these are shown in figures 4a–4d. The dotted line corresponds to the rigid body moment
of inertia of the spherical nucleus. In figures 4a–4d only θ 1 values defined by eq. (5.7) are
shown and the line connecting the moments of inertia curve around band crossing indicates
that θ2 ; defined by eq. (5.8), is the more appropriate definition of the moment of inertia.
The values of the parameter depicted in figures 1–4 are very important in the determination of neutron emission probability at high spins. This is obvious from eq. (5.9). In our
earlier work [1] we reported the results for 156 Er. The obtained neutron emission probability agreed very well with experimental results of Henss et al [2]. There we were also able
to explain that it would be very conducive for the study of neutron emission spectra around
I  50~ and experimental data were indeed for I  52~ :
In figures 5a–5d neutron emission spectra for various angular momenta are shown for
the nuclei 156 Er, 166 Er, 168 Yb [4] and 188 Hg. The curves are all normalized to 2000. As
the spin of the system increases, there is a general tendency for the peak at E n = 1:0 MeV
to rise, resulting in the lowering of probabilities at higher E n values but for spins 35 to
45~ the emission probability for larger E n values are slightly higher when compared to the
emission probability for the spin-less system. At higher E n values for spin 75~ the emission
probability is lower than that of 0~ : This may be due to the increase in the rotational energy
of the systems at higher spins and a greater part of the excitation energy is associated with
the collective rotation degree of freedom.
Since two methods are available for the study of high spin hot systems as stated in the
introduction, we show in figures 6a–12b the values of the different parameters calculated
by the two methods for the nucleus 186 Hg. In figures 6a and 6b the values of the Lagrangian
multiplier γ and collective rotation ω as a function of temperature and spin are shown. In
figure 6b the values of the Lagrangian multiplier γ and collective rotation ω as a function of
temperature and spin are shown. In figure 6a for M = 30~, γ and ω are plotted as a function
of T for various deformation parameters. When the deformation parameter a 2 = 0, i.e.,
for biaxial deformation, γ = ω for all values of M and T . However, for a 2 6= 0; γ 6= ω ,
since triaxial deformations mixes states of different spin projections +m z : In figure 6b for
T = 1:0 MeV, γ and ω are plotted vs. M.
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It is obvious from figure 6a that γ is very sensitive to the deformation parameter a 2 : For a
change of a 2 from 0.0 to 0.03, γ changes from 0.35 to 0.4 MeV whereas the corresponding
changes in ω values are smaller.
In figures 7a and 7b, for 186 Hg, the collective rotational frequency ω and γ are plotted
vs. M for temperature 0.3 MeV and 1.0 MeV. For prolate deformation the CNM calculation
shows a shape transition beyond ω = 0:3 MeV whereas the STHR calculation shows shape
transition around γ = 0:15 MeV in addition to the one at 0.3 MeV. At T = 1:0 MeV,
in the STHR, this shape transition at small frequencies still exists but the ones at higher
frequencies vanish in both the methods. In the case of oblate deformation both the methods
yield almost the same results at high temperatures.
In figures 8a and 8b, the corresponding rotational energies are shown as a function of
collective rotational frequency. In view of figures 7a and 7b the results shown in figures 8a
and 8b are self explanatory. The fluctuation at ω = 0:15 MeV corresponding to an angular
momentum of 5~ in the case of prolate deformations, is similar to the one observed in
experiments as back bending phenomena [15].
The fluctuation at 5~ observed in figures 8a and 8b is also exhibited in figures 9a and 9b
which shows the single particle level density parameter a as a function of M for T = 1:0
MeV. In figures 10a, 10b, 11a and 11b the neutron and proton separation energies obtained
from the two methods are shown.
In figures 12a and 12b the variation of the gap parameter ∆ n and ∆ p for T = 0:3 MeV,
obtained by solving eqs (3.2), (3.3) and (3.5) in the STHR and the set of eqs (4:2); (4:3)
and (4.5) in the CNM, for 186 Hg are displayed. In figure 12a, curves 1 and 2 represent
the ∆n values obtained in the STHR and CNM calculations respectively, for deformation
parameter values a 0 = 0:6 and a 2 = 0:06: The values of γ and ω are shown along x-axis.
Clearly the structure exhibited in the CNM calculation is absent in the STHR calculation.
The former is a more microscopic calculation due to the inclusion of the coupling between
the collective rotation and the single particle spins in the Hamiltonian itself. Since triaxial
deformations couple states of different m z , the rotational part of the Hamiltonian is affected.
The nuclear structural effect on ∆ n and ∆ p are more pronounced in the CNM calculation.
The spins generated are also presented in the same figures (curves 3 and 4) for direct
comparison.
7. Conclusion
In conclusion we state that neutron and proton separation energies are very sensitive to
the structural transitions in high spin hot nuclear systems. Its role in the determination of
single neutron emission in high spin nuclei is very well brought out in the present analysis.
However, the effect of surface diffuseness on neutron separation energy has not been studied in the present work. Finally by extending the microscopic cranked Nilsson model to
hot nuclei we were able to show that certain features of the structural transitions in 186 Hg
is explained very well by the CNM calculation rather than by the STHR.
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