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Jacobi shape transition infp 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 stufisthétl nuclei**Ti,
48Cr, 52Fe, and®®Ni. 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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[. INTRODUCTION stars[5]. Thus this study is very interesting and most impor-
tant.

Study of structural changes of nuclei at high excitation The second section of this theoretical study gives the the-
energy and large angular momentum has led us to a ne@retical framework for obtaining potential energy surfaces of
phase in nuclear structure physics. The experimental analystge considered nuclei as a function of deformatigh and
of giant dipole resonance built on excited states has started fiPnaxiality (y) parameters at different spins by the Strutin-
yield information about the shape transitions that take plac€kY method. The third section gives a short description of the
in such nuclei. The combined effect of spin and temperaturéaCOb' tran§|t|on and its detection. In the; last section the
has created a variety of shape transition phenomena in n(i€Sults obtained for even-evéw=2Z nuclei in thefp shell
clei. One such shape transition from noncollective oblate tdegton are pre;ented and d|'s'cus'sed n relat|on. to the occur-
highly deformed collective prolate or nearly proldéteaxial) rence of Jacobi shape transition in these nuclei.
shape has been recently predicted and observed. This shape
transition which is similar to the Jacobi transition in gravi-
tating rotating stars has generated a lot of interest in recent The shell energy calculatiofi§] for the nonrotating case
times. The prediction of such a Jacobi transitiorfi8c by (1=0) assumes a single particle field
Alhassid[1] and its subsequent experimental confirmation by
the Seattle group2] have further kindled our interest in Ho=S h )
looking for such interesting shape transitionsfpnshell nu- 0 0
clei.

The aim of this work is to detect the possibility of the so-
called Jacobi transition in even—evbdh=Z fp shell nuclei 2 1 3
namely**Ti, “Cr, 5%Fe, and®®Ni. For this purpose, we use hozp—+ -mY, 0??+Cls+D(12=2(12)). (2
the cranked Nilsson-Strutinsky method modified suitably to 2m 2=
take in large deformations. In order to fix the spin in our . . . .

. . The three oscillator frequencies; are given by Hill-
calculations we use the methd8] of tuning the angular Wheeler -
: . ) . o parametrization as
velocity. To investigate how these Jacobi transitions are

Il. THEORETICAL FRAMEWORK

wherehy is the triaxial Nilsson Hamiltonian given Hy]

evolved we construct the potential energy surfaces to get a 5 2

clear picture. wy= wg ex;{ -1/ Eﬁ co{ Y73 w) ) ,
The rotating liquid drop modelRLDM) [4] has already

predicted that nuclei should experience a shape transition at 5 4

very high spins from noncollective oblate to collective pro- wy= Wy exp( A /_B cos( y— —77) )

late (or nearly prolatgwith the superdeformed major to mi- Y Am 3

nor axes ratio of 2:1 or more. The shape evolution of rotating

nuclei ultimately produces the above shape transition called _ /5

the Jacobi shape transition. The Jacobi transition is not only @z @o exy{ ~ g, Boosy

a shape transition but it is a second order phase transition

from noncollective to collective phases in nuclei. It is further with the constraint of constant volume for equipotentials
interesting to note that such a shape transition is analogous to .3

the Jacobi shape instability occurring in gravitating rotating WxWy®;= wy= CONSL. (€)
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For the Nilsson parametersand u and# @, the follow- Y
ing values[7] are chosenk=0.093 andu=0.15, = f_mgz de“’=2i (my) (13
. 45.3 MeV
©0=(AT30.77)" @ and
N
The same values are used for protons as well as neutrons. Eqp= j g.e°de’+hol =, e’+hol. (14
— i

It may be noted that it [Eq. (2)] the factor in front of12)
term has been doubled to obtain better agreement between ) _ _ o
the Strutinsky-smoothed moment of inertia and the rigid ro- For the Strutinsky smeared single particle level distribu-
tor value (here within 10%. Accordingly the parameted  tion Egs.(13) and(14) transform into
has been redetermined with the help of single-particle levels N
in t_he mass region indicated. Thg Hamiltonig@) is diago- T:J @de‘“=2 () (15)
nalized in cylindrical representatid®] up to N=11 shells — i
using the matrix elements given in R8].

For the rotating casel ¢ 0) the Hamiltonian becomes and

)\ ~
Ho=Ho—03,= > h,, 5) B [ Giedershad (16
where N
h,=ho— wj, (6) :Ei: e’+hawl. (17)

if it is assumed that the rotation takes place aroundzhe In the tuning method we have adapf&d, the total spin is

axis.
Iculated
The single particle energg” and wave functionp;” are calcuiated as
given by N z
I=T,= “+ o, 18
. gomeb e - =2 vt 2 U2 (18)
The spin projections are obtained as The above relation allows us to select numerically éhe
_ values that correspond to the chosen integer or half integer
(m)y=(o¢"lid &i")- (8)  spins. Obviously the corresponding frequency valugs)
o change from one deformation point to another and the cor-
The total shell energy is given by responding calculation must be repeated accordingly.
The total energy is now given by
Esp=2 (ool ¢1)=2 (e), 9
* (4l &1 &) Er=Eromt (Esp~ Esp), (19
where where the rotating liquid drop energy at constant spin
e’=(g)—ho(m). 10 ~
"= (e (my 19 Eriom=Eiom— 3 ligw®+iwl. (20
Thus - o
Here the liquid drop energl, py is given by the sum of
Coulomb and surface energies as
Ep=2 e’+hol. (11)

ELom(B8,7)=[(Bs—1)+2x(B.—1)aJA?®, (21
The total spinl is given by
whereBg andB,. are the relative surface and Coulomb ener-
gies of the nucleus. BotBg and B, are elliptic integrals
'ZE (my). (12 which depend on the semiaxes lengths. The values used for
the parametersg and y are as follows:a;=19.7 MeV and
Since the difficulties encountered in the evaluation of totalthe fissility parameteg = (Z%/A)/45 whereZ and A are the
energy for large deformations through the summation oftharge and mass numbers of the nucldyg;is the rigid
single particle energies fdr=0 case may be present for body moment of inertia defined bg and y including the
#0 case alsd10], we use the Strutinsky shell correction surface diffuseness correction can be calculated as follows.
method adopted tb+ 0 case by suitably tuning the angular  In the case of an ellipsoidal shape described by the defor-
velocities to yield fixed spins. For unsmoothened single parmation parameteg and the shape parametgrthe semiaxes
ticle level distribution we have R«,Ry,R; are given by
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455¢ : Spin 28.5"

45Sc : Spin 29.5hH
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FIG. 1. (a) PES inB-y plane for*Sc at spin 285, (b) PES inB-y plane for**Sc at spin 295, (c) PES inB-v plane for**Sc at spin
30.%.
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FIG. 2. PES ing-y plane for*Ti at spin 28.
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/5
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By volume conservation we have

and

R{RyR,=R3 >, (22)

whereR) is the radius of the spherical nucleus.
The moment of inertia about theaxis is given by

Siig(B,¥)+2Mb? 1 AM(RZ+R?) . 2MB?
#? 5 h #Z

(23
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48Cr : Spin32h
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FIG. 3. PES ing-vy plane for*Cr at spin 32.

The calculations are carried out by varyiagvalues in
steps of 0.03, from w=0 to w=0.450,, w, being the
oscillator frequency for tuning to fixed spins. Since we are
interested mainly in Jacobi shape transitipis varied from
—180° to —120° in steps of 10°y= —180° corresponding
to noncollective oblate angi= —120° corresponding to col-
lective prolate. Since the Jacobi transition involves large de-
formation, B values are varied fronB=0.0 to =15 in
steps of 0.1.

Ill. JACOBI TRANSITION AND ITS DETECTION

The study of certain rotating nuclei at high spin is very
interesting, since in spite of the presence of the shell effects
such nuclei behave very much like a rotating liquid drop. As
the spin is increased such a spherical nucleus becomes non-
collective oblate whose deformation gradually increases with
spin. As it reaches the critical spin the nucleus will undergo
another phase transition to nearly prolate or triaxial shape
with very large deformation. This behavior is analogous to
the Jacobi transition that occurs in gravitating rotating stars.
Alhassid[ 1] has formulated a macroscopic fluctuation theory

where the diffuseness correction to the moment of inertia igf the giant dipole resonand&DR) to study the rotating

2 Mb? and the diffuseness parameter 0.87 fm.
Here

RI=roAY® (ro=1.16fm). (24)

nucleus*Sc. The frequency of the giant dipole resonance is
inversely proportional to the length of the semiaxis along
which the vibration occurs. The deformed nucleus gives the
resonance splits whose magnitude can be related to the de-
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52Fe : Spin 36 h 56 Ni: Spin40h
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FIG. 4. PES inB-y plane for5%Fe at spin 36. _ . _
FIG. 5. PES inB-vy plane for®Ni at spin 4G.

formation. But the relation between the giant dipole reso-
nance and the equilibrium deformation is quite complex inmodel predicts that the nucleus should experience a shape
hot systems because of the macroscopic thermal shape flugansition at very high spins from an oblate noncollective to
tuations. Alhassidl1] using the Landau theory of phase tran- a triaxial or near prolate collective shape with superdeformed
sition has demonstrated that there are three distinct peaks ajor to minor axis ratios of 2:1 and larger. This shape
the GDR curve of**Sc due to a triaxial shape with large change corresponds to a second order phase transition simi-
deformation at the spih=28%4. He found that such structure lar to the Jacobi phase transition in gravitating rotating stars
of three separate peaks is not seen in the calculations of tH# an infinite system
giant dipole resonance in heavier nuclei wi=100 at The aim of this work is to study and predict such Jacobi
moderate spins and temperatures. This finding has promptéthase transitions in even-evéi=Z fp shell nuclei. We
us to undertake a systematic study of the shape transitions bfive obtained the potential energy surfategS of these
even-everN=Z nuclei in thefp shell region to look for such nuclei as a function of spin to look for such phase transitions.
possible Jacobi transitions. However, our work differs fromAlhassid first predicted a Jacobi transition inf@a shell
that of Alhassid in that we are using a straightforwardnucleus*Sc. We performed potential energy surface calcu-
cranked Strutinsky calculation with spin tuning without tem- lations using the tuned spin-cranked Nilsson-Strutinsky
perature which is different from the Landau theory used bymethod for this nucleus to begin with. Figuresa)t-1(c)
Alhassid. It is to be noted that while the Alhassid model isshow the shape transitions f6tSc obtained by us at spins
built on temperature and thermal fluctuations, our modeR8.5:, 29.5:, and 30.4. It is shown in these figurdsee Fig.
does not take them into account. This will not pose any probi(b) in particulaj that a Jacobi transition takes place at a
lem since the Jacobian transition is a spin-driven effect rathespin of 29.% where a noncollective oblate shape wijth
than a temperature-caused one. But the shell effects present0.4 changes to a superdeformed triaxial shape with
have to be taken care of in the study of the Jacobi transition- 130° andB=0.6 which is the one that survived up to a
in the considered nuclei. high temperature in spite of the thermal fluctuations, which
was predicted by Alhassidl] and subsequently experimen-
tally confirmed by the Seattle grouf].

Next we give the PES df*Ti at a spin of 2& in Fig. 2. It

An important question in nuclear structure physics is theés shown that**Ti undergoes a Jacobi transition at this spin
nature of shape evolution taking place at critical angular mowhere the shape is changed from noncollective oblate with
menta near the limit of stability. The rotating liquid drop 8=0.5 to collective hyperdeformed prolate wii>1.0.

IV. RESULTS AND DISCUSSIONS
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Figure 3 shows the potential energy surfacddar at a spin transitions infp shell nuclei will throw a lot of light on the

of 324. When we compare this figure with that shown by second order phase transitions as well as super, hyper, and

Betts[11] the similarity is quite striking. This figure shows Ssuper-hyperdeformation occurring in them. It should be in-

that at the spin of 32 “®Cr has already undergone a Jacobiteresting to see experimentally whether such phase transi-

transition to hyperdeformed prolate shape. This hyperdefortions and large deformations can be detected through giant

mation has been conjectured by Bdtt4] to resemble two dipole resonancgGDR) cross sections built on excited

prolate?*Mg nuclei touching end on end. In the case’@ife,  States.

at the spin of 36 the trend of a significant Jacobi transition

from noncollective oblate to hyperdeformed prolate shape

can be seeffFig. 4). Finally, we give the PES for the doubly

magic nucleus®®Ni in Fig. 5. The Jacobi transition to a  This work was supported by IUC-DAEF, Calcutta Center

super-hyperdeformed shape is clearly visible in this figure. project No. IUC-CC/PR0OJ/95/1015. One of the authors
It can be concluded that the study of the Jacobi shapéV.R.) thanks the IUC-DAEF, Calcutta Center for support.
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