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Jacobi shape transition in fp shell nuclei
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Jacobi shape transition from noncollective oblate to super or hyperdeformed collective prolate or triaxial
shape taking place in rotating nuclei as in the case of gravitating rotating stars is studied infp shell nuclei44Ti,
48Cr, 52Fe, and56Ni. The cranked Nilsson-Strutinsky method is used to detect such transition. The method of
tuning the angular velocity to get fixed spin is utilized in these calculations. Pairing is not taken into account
since Jacobi transition occurs only at very high spin where pairing correlations would have already vanished.
Our results show that all the four nuclei considered in this work are good candidates for detecting the Jacobi
shape transition.
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I. INTRODUCTION

Study of structural changes of nuclei at high excitati
energy and large angular momentum has led us to a
phase in nuclear structure physics. The experimental ana
of giant dipole resonance built on excited states has starte
yield information about the shape transitions that take pl
in such nuclei. The combined effect of spin and temperat
has created a variety of shape transition phenomena in
clei. One such shape transition from noncollective oblate
highly deformed collective prolate or nearly prolate~triaxial!
shape has been recently predicted and observed. This s
transition which is similar to the Jacobi transition in grav
tating rotating stars has generated a lot of interest in re
times. The prediction of such a Jacobi transition in45Sc by
Alhassid@1# and its subsequent experimental confirmation
the Seattle group@2# have further kindled our interest i
looking for such interesting shape transitions infp shell nu-
clei.

The aim of this work is to detect the possibility of the s
called Jacobi transition in even–evenN5Z f p shell nuclei
namely44Ti, 48Cr, 52Fe, and56Ni. For this purpose, we us
the cranked Nilsson-Strutinsky method modified suitably
take in large deformations. In order to fix the spin in o
calculations we use the method@3# of tuning the angular
velocity. To investigate how these Jacobi transitions
evolved we construct the potential energy surfaces to g
clear picture.

The rotating liquid drop model~RLDM! @4# has already
predicted that nuclei should experience a shape transitio
very high spins from noncollective oblate to collective pr
late ~or nearly prolate! with the superdeformed major to m
nor axes ratio of 2:1 or more. The shape evolution of rotat
nuclei ultimately produces the above shape transition ca
the Jacobi shape transition. The Jacobi transition is not o
a shape transition but it is a second order phase trans
from noncollective to collective phases in nuclei. It is furth
interesting to note that such a shape transition is analogou
the Jacobi shape instability occurring in gravitating rotat
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stars@5#. Thus this study is very interesting and most impo
tant.

The second section of this theoretical study gives the t
oretical framework for obtaining potential energy surfaces
the considered nuclei as a function of deformation~b! and
nonaxiality ~g! parameters at different spins by the Struti
sky method. The third section gives a short description of
Jacobi transition and its detection. In the last section
results obtained for even-evenN5Z nuclei in the fp shell
region are presented and discussed in relation to the oc
rence of Jacobi shape transition in these nuclei.

II. THEORETICAL FRAMEWORK

The shell energy calculations@6# for the nonrotating case
(I 50) assumes a single particle field

H05( h0 , ~1!

whereh0 is the triaxial Nilsson Hamiltonian given by@7#

h05
p2

2m
1

1

2
m(

i 51

3

v i
2xi

21Cls1D~ l 222^ l 2&!. ~2!

The three oscillator frequenciesv i are given by Hill-
Wheeler parametrization as

vx5v0 expS 2A 5

4p
b cosS g2

2

3
p D D ,

vy5v0 expS 2A 5

4p
b cosS g2

4

3
p D D ,

vz5v0 expS 2A 5

4p
b cosg D

with the constraint of constant volume for equipotentials

vxvyvz5v̊0
35const. ~3!
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For the Nilsson parametersk andm and\v̊0 the follow-
ing values@7# are chosen:k50.093 andm50.15,

\v̊05
45.3 MeV

~A1/310.77!
. ~4!

The same values are used for protons as well as neutr
It may be noted that inh0 @Eq. ~2!# the factor in front of̂ l 2&
term has been doubled to obtain better agreement betw
the Strutinsky-smoothed moment of inertia and the rigid
tor value ~here within 10%!. Accordingly the parameterD
has been redetermined with the help of single-particle lev
in the mass region indicated. The Hamiltonian~2! is diago-
nalized in cylindrical representation@8# up to N511 shells
using the matrix elements given in Ref.@9#.

For the rotating case (IÞ0) the Hamiltonian becomes

Hv5H02vJz5( hv , ~5!

where

hv5h02v j z ~6!

if it is assumed that the rotation takes place around thZ
axis.

The single particle energyei
v and wave functionf i

v are
given by

hvf i
v5ei

vf i
v . ~7!

The spin projections are obtained as

^mi&5^f i
vu j zuf i

v&. ~8!

The total shell energy is given by

Esp5( ^f i
vuh0uf i

v&5( ^ei&, ~9!

where

ei
v5^ei&2\v^mi&. ~10!

Thus

Esp5( ei
v1\vI . ~11!

The total spinI is given by

I 5( ^mi&. ~12!

Since the difficulties encountered in the evaluation of to
energy for large deformations through the summation
single particle energies forI 50 case may be present forI
Þ0 case also@10#, we use the Strutinsky shell correctio
method adopted toIÞ0 case by suitably tuning the angul
velocities to yield fixed spins. For unsmoothened single p
ticle level distribution we have
06431
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I 5E
2`

l

g2 dev5(
i

^mi& ~13!

and

Esp5E
2`

l

g1ev dev1\vI 5(
i

ei
v1\vI . ~14!

For the Strutinsky smeared single particle level distrib
tion Eqs.~13! and ~14! transform into

Ĩ 5E
2`

l

g2̃ dev5(
i

^mĩ& ~15!

and

Esp̃5E
2`

l

g1̃ev dev1\v Ĩ ~16!

5(
i

N

ei
ṽ1\v Ĩ . ~17!

In the tuning method we have adapted@3#, the total spin is
calculated as

I 5I z̃5 (
n51

N

^ z̃&n
v1 (

p51

Z

^ z̃&p
v . ~18!

The above relation allows us to select numerically thev
values that correspond to the chosen integer or half inte
spins. Obviously the corresponding frequency valuesv(I )
change from one deformation point to another and the c
responding calculation must be repeated accordingly.

The total energy is now given by

ET5ERLDM1~Esp2Esp̃!, ~19!

where the rotating liquid drop energy at constant spin

ERLDM5ELDM2 1
2 I rigv

21\v Ĩ . ~20!

Here the liquid drop energyELDM is given by the sum of
Coulomb and surface energies as

ELDM~b,g!5@~Bs21!12x~Bc21!as#A
2/3, ~21!

whereBs andBc are the relative surface and Coulomb en
gies of the nucleus. BothBs and Bc are elliptic integrals
which depend on the semiaxes lengths. The values used
the parametersas and x are as follows:as519.7 MeV and
the fissility parameterx5(Z2/A)/45 whereZ andA are the
charge and mass numbers of the nucleus;I rig is the rigid
body moment of inertia defined byb and g including the
surface diffuseness correction can be calculated as follo

In the case of an ellipsoidal shape described by the de
mation parameterb and the shape parameterg, the semiaxes
Rx ,Ry ,Rz are given by
1-2
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FIG. 1. ~a! PES inb-g plane for45Sc at spin 28.5\, ~b! PES inb-g plane for45Sc at spin 29.5\, ~c! PES inb-g plane for45Sc at spin
30.5\.
064311-3
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Rx5R0 expFA 5

4p
b cosS g2

2p

3 D G ,
Ry5R0 expFA 5

4p
b cosS g2

4p

3 D G ,
and

Rz5R0 expFA 5

4p
b cosgG .

By volume conservation we have

RxRyRz5R0
0 3, ~22!

whereR0
0 is the radius of the spherical nucleus.

The moment of inertia about thez axis is given by

Frig~b,g!12Mb2

\2 5
1

5

AM~Rx
21Ry

2!

\
1

2Mb2

\2 , ~23!

where the diffuseness correction to the moment of inerti
2 Mb2 and the diffuseness parameterb50.87 fm.

Here

R0
05r 0A1/3 ~r 051.16 fm!. ~24!

FIG. 2. PES inb-g plane for44Ti at spin 28\.
06431
is

The calculations are carried out by varyingv values in
steps of 0.03v0 from v50 to v50.45v0 , v0 being the
oscillator frequency for tuning to fixed spins. Since we a
interested mainly in Jacobi shape transitiong is varied from
2180° to 2120° in steps of 10°,g52180° corresponding
to noncollective oblate andg52120° corresponding to col
lective prolate. Since the Jacobi transition involves large
formation, b values are varied fromb50.0 to b51.5 in
steps of 0.1.

III. JACOBI TRANSITION AND ITS DETECTION

The study of certain rotating nuclei at high spin is ve
interesting, since in spite of the presence of the shell effe
such nuclei behave very much like a rotating liquid drop.
the spin is increased such a spherical nucleus becomes
collective oblate whose deformation gradually increases w
spin. As it reaches the critical spin the nucleus will under
another phase transition to nearly prolate or triaxial sh
with very large deformation. This behavior is analogous
the Jacobi transition that occurs in gravitating rotating sta
Alhassid@1# has formulated a macroscopic fluctuation theo
of the giant dipole resonance~GDR! to study the rotating
nucleus45Sc. The frequency of the giant dipole resonance
inversely proportional to the length of the semiaxis alo
which the vibration occurs. The deformed nucleus gives
resonance splits whose magnitude can be related to the

FIG. 3. PES inb-g plane for48Cr at spin 32\.
1-4
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formation. But the relation between the giant dipole re
nance and the equilibrium deformation is quite complex
hot systems because of the macroscopic thermal shape
tuations. Alhassid@1# using the Landau theory of phase tra
sition has demonstrated that there are three distinct pea
the GDR curve of45Sc due to a triaxial shape with larg
deformation at the spinI 528\. He found that such structur
of three separate peaks is not seen in the calculations o
giant dipole resonance in heavier nuclei withA>100 at
moderate spins and temperatures. This finding has prom
us to undertake a systematic study of the shape transition
even-evenN5Z nuclei in thefp shell region to look for such
possible Jacobi transitions. However, our work differs fro
that of Alhassid in that we are using a straightforwa
cranked Strutinsky calculation with spin tuning without tem
perature which is different from the Landau theory used
Alhassid. It is to be noted that while the Alhassid model
built on temperature and thermal fluctuations, our mo
does not take them into account. This will not pose any pr
lem since the Jacobian transition is a spin-driven effect ra
than a temperature-caused one. But the shell effects pre
have to be taken care of in the study of the Jacobi transi
in the considered nuclei.

IV. RESULTS AND DISCUSSIONS

An important question in nuclear structure physics is
nature of shape evolution taking place at critical angular m
menta near the limit of stability. The rotating liquid dro

FIG. 4. PES inb-g plane for52Fe at spin 36\.
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model predicts that the nucleus should experience a sh
transition at very high spins from an oblate noncollective
a triaxial or near prolate collective shape with superdeform
major to minor axis ratios of 2:1 and larger. This sha
change corresponds to a second order phase transition
lar to the Jacobi phase transition in gravitating rotating st
~in an infinite system!.

The aim of this work is to study and predict such Jaco
phase transitions in even-evenN5Z f p shell nuclei. We
have obtained the potential energy surfaces~PES! of these
nuclei as a function of spin to look for such phase transitio
Alhassid first predicted a Jacobi transition in afp shell
nucleus45Sc. We performed potential energy surface calc
lations using the tuned spin-cranked Nilsson-Strutins
method for this nucleus to begin with. Figures 1~a!–1~c!
show the shape transitions for45Sc obtained by us at spin
28.5\, 29.5\, and 30.5\. It is shown in these figures@see Fig.
1~b! in particular# that a Jacobi transition takes place at
spin of 29.5\ where a noncollective oblate shape withb
.0.4 changes to a superdeformed triaxial shape withg.
2130° andb.0.6 which is the one that survived up to
high temperature in spite of the thermal fluctuations, wh
was predicted by Alhassid@1# and subsequently experimen
tally confirmed by the Seattle group@2#.

Next we give the PES of44Ti at a spin of 28\ in Fig. 2. It
is shown that44Ti undergoes a Jacobi transition at this sp
where the shape is changed from noncollective oblate w
b50.5 to collective hyperdeformed prolate withb.1.0.

FIG. 5. PES inb-g plane for56Ni at spin 40\.
1-5
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Figure 3 shows the potential energy surface of48Cr at a spin
of 32\. When we compare this figure with that shown
Betts @11# the similarity is quite striking. This figure show
that at the spin of 32\, 48Cr has already undergone a Jaco
transition to hyperdeformed prolate shape. This hyperde
mation has been conjectured by Betts@11# to resemble two
prolate24Mg nuclei touching end on end. In the case of52Fe,
at the spin of 36\ the trend of a significant Jacobi transitio
from noncollective oblate to hyperdeformed prolate sha
can be seen~Fig. 4!. Finally, we give the PES for the doubl
magic nucleus56Ni in Fig. 5. The Jacobi transition to
super-hyperdeformed shape is clearly visible in this figur

It can be concluded that the study of the Jacobi sh
t,

06431
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transitions infp shell nuclei will throw a lot of light on the
second order phase transitions as well as super, hyper,
super-hyperdeformation occurring in them. It should be
teresting to see experimentally whether such phase tra
tions and large deformations can be detected through g
dipole resonance~GDR! cross sections built on excite
states.
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