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Received 30 August 1990

The paper is devoted to the studying of the effects connected with the deexcitation of nuclear
states with high spins and high excitation energy. It is shown that process of deexcitation is
influenced mainly by the deformation of nucleus in given angular momentum and excitation
energy (nuclear temperature). The way of deexcitation (particle emmision or emmision of y-quanta
energy (nuclear temperature). The way of deexcitation (particle emmision or emmision of
y-quanta), the spectrum of emmited particles and half times of excited states depends on the
nuclear shape. This dependence is demonstrated in this paper for a number of nuclei.

V praci jsou studovany efekty spojené s deexcitaci stavi s vysokym spinem a s vysokou excita&-
ni energii v atomovych jadrech. Pozornost je vénovana zejména jevum souvisejicim s evoluci
tvaru jadra s rostouci uhlovou frekvenci rotace jadra. Je ukazano, Ze proces deexcitace vysoce-
excitovanych stavu s velkym spinem je do zna&né miry ovlivn&n deformaci jadra pti daném spinu
a excitadni energii (jaderné teplot&). Zpusob deexcitace (&asticovd emise nebo emise y-kvant),
tvary spekter emitovanych &astic resp. polo€asy rozpadu excitovanych stava zavisi na tvaru
resp. deformaci jadra. Tato zavislost je v praci demonstrovana na fadé& jader.

B pa6ote ananuzupyrotcsa 3h¢deKThl CB3aHHbIE C NeBO30YXKIOECHHUEM SOEPHBIX COCTOSHMM ¢ 6ONb-
UMM CIIMHOM H C GonbpImoi 3Heprueit Bo3OyxneHus suep. Pabora nmocesimeHa riaBHbBIM 00pa3oM
ABJIEHUAM BBI3BAaHHbIM H3MEHEHHeM (OpMEI sep NpM HX BpameHud. B pa6ore mokasano, 41O
nedopmauus siapa pelaromuM 06pa3oM BITHAET Ha IPOLIECC AeBO30YXAeHAA COCTOSAHHUH ¢ 60MbmyM
CNIMHOM M 6onbIuoii Temmepatyoii. Cnoco6 meBo36yxeHMs (HMCIyCKaHMe YaCTHI[ MJIM MCILyCKaHMEe
y-KBaHTOB), HOpMa CEKTEP UCIYCKAEMBIX YACTHIl M BPEMS XU3HHU BO3OYXIEHHBIX COCTOSIHAY 3aBH-
cuT oT GopMbI WM AedopMaLyK Aapa. DTa 3aBUCHMOCTD B pab0oTe NEMOHCTPHPYETCA Ha PANY AIED.

1. Introduction

High spin states of atomic nuclei are usually obtained in (HI, xn) or (a, xn)
reactions [1, 2]. As a result of these reactions the compound-nucleus is formed in
the states with high angular momenta and high excitation energies. In the first step
of the following deexcitation the neutrons and light charged particles are evaporated.
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In this process considerable part of excitation energy and very small part of angular
momentum are taken away. Then the deexcitation of high-spin states of rotating
nucleus is realised by means of dipole and quadrupole gamma quanta. In these
transitions the nucleus comes from the region of high density of states to the region
near the yrast line where the state density is not so high however nucleus angular
momentum keeps its high value. Then the deexcitation of nucleus continues by the
electromagnetic translations along the yrast line and loosing its angular momentum
the nucleus reaches the ground rotational band at the values of angular momentum

I ~ (18-20) k.

Products of heavy ion reactions are characterised by high excitation energy which
are spred over a lot of different nuclear degrees of freedom [3]. Therefore the
analysis of such experiments depends on the knowledge of all factors determining
the evolution of products of (HI, xn) reactions. One of the most important factors
in this sense is the nuclear shape (deformation parameters) as well as deformation
energy and inertical nuclear properties. In calculation of equilibrium shape of rotating
nucleus one can distinquish two limiting cases of approach. The first one is based on
liquid drop model which corresponds to the case of nucleus excited to the extend
when the shell effects do not play any role. The opposite case is represented by papers
where the shell effects are involved in terms of Strutinsky-shell corrections. This
paper is mainly devoted to the intermediate case with nuclear excitation energy
lying betweeen two limits mentioned above.

The analysis of high excited nuclear states is usually performed in terms of sta-
tistical approaches. Statistical characteristics of excited nuclei are similar to high
extend to that of ideal Fermi-gas. However the Fermi gas model does not involve
some nuclear specifics such as shell effects. In this paper it is shown how the shell
effects can be included in calculation of the equilibrium characteristics of cold as well
as heated rotating nuclei in the framework of cranking model.

The investigation of the equilibrium shape of fast rotating nuclei is usually carried
out under the following assumptions.

i) The cranking model is applicable for a broad interval of rotation frequences
starting from the low-spin region up to the highest frequences in which the nucleus
can exist as a bound system.

ii) In practical calculations the nuclear average field is approximated by deformed
Nilsson or Wood-Saxon potential. The parameters of this potential are supposed
to be independent on nuclear angular momentum with the exception of defor-
mation parameters of nuclear shape.

iii) Dominant part of binding energy varies smoothly from one nucleus to another
and it can be determined in the framework of liquid drop model, the surface
parameter of which is independent on angular momentum. This assumption is
justified for heavier nuclei with 4 > 40.

All the assumptions mentioned above were used in this paper and the comparison
of our results with heavy ion reaction data approved them. It has to be mentioned
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that these assumptions are applicable not only for yrast-line states but also for
excited states. A

This paper represents the review of our results concerning the selfconsistent study
of the shape evolution of cold as well as heated rotating nuclei. It also involves the
disscussions of possible physical effects caused by the shape changes of nucleus
which are directly connected with data observed or observable in experiments.

2. Description of yrast line

In this part of paper the yrast line states (cold nucleus) are investigated in the
framework of Cranked-Hartree-Fock-Bogoliubov model. The analysis of yrast line
represents the first step of investigation of the collective as well as noncollective
degrees of freedom in fast rotating nuclei by means of Cranked-Hartree-Fock-
Bogoliubov + Random Phase approximation (CHFB+ RPA model).

We start with the HFB equations of motion for cranking model (see eq. (12) in [6])
for unknown amplitudes 4%, B or 4., B} of canonical Bogoliubov-Valatin transfor-
mation. These equations provide also quasiparticle spectrum E;, E; in dependence
on angular velocity Q of rotation of nucleus. Since we assume the R, (m)-symmetry

i

of rotating nucleus there is the connection between (A;, B;, E;) and (4;, By, E;)
(see [6. 7])*)

(1) A, =B., 4;=B,, E = —E

Therefore it is sufficient to solve only one system of equations from thats given in eq.
(12) in [6] in order to obtain the complete ensemble of solutions of HFB problem.
The procedure of solving this system of equations is usually carried out with the
approximation of Nilsson or Saxon-Woods average field. This means the single-
particle spherical field energy terms and the terms containing the expectation values
Q| 0,0]2) <Q| 047|2) of quadrupole operators in quasiparticle vacuum [2)
given rotational frequency Q in eq. (12) of [6] are substituted by corresponding
matrix element of Nilsson average field, i.e.

(2) ea‘sap - “2<~Ql Q20|Q> <°‘| Q20|ﬁ> - ”2<~Q[ Q(2+)IQ> <°‘l Q(2+)|B> = &g
where ¢, represent matrix elements of Nilsson field. In such a way the eq. (12)

in [6] for amplitudes A, B; and for corresponding quasiparticle energies E; can be
rewritten as follows

(3) Saﬁ - /15,,9 - Qj:ﬂ A(Saﬂ A; _ E A;
A6 —gg + A0 + Qizz) \BL) '\ Bi

where 1 and 4 are Fermi level and gap parameter. This equation has to be added
by the conditions of number of particle conservation

@ N =T (47 + X ()

*) Throughout this paper the same notation is used as in 6.



Since the quantity A depends on unknown amplitudes A%, B (see [6])

©) 4=GY (BA)
£,>o

the equation (3) represents the nonlinear selfconsistent equations and it must be
solved by means of iterations. The way how to obtain changes dA and d4 of Fermi
energy gap in each iteration is described bellow.

For given value of rotational frequency Q the number of particles N and pairing
strength constant G can be understood formally as functions of Fermi energy A and
energy gap 4 (through the amplitudes A} and Bj and eq. (3)). Therefore

dN = N di + N d4

oA 04

©) oG oG
dG = —di+ —d4

oA o4

The equations (6) can be used for determination of di and d4. In numerical calcu-
lations the differentials dN and dG were taken as ~0.001. That means they had fixed
values for all iterations. In order to obtain dA and d4 from (6) we must deter-
mine the quantities N/dA, IN[04, 0G[oA and 0G[d4.

Let us introduce the quantity F

4 i gqi
(7) F===3 (B).
G ia
E;>0
From (7) one can see that
(32) G _L _AoF 1 (p ,OF
oA F F?*0A F? o4
oG 4 OF
8b = = - ==
(85) 04 F? 02
The relation (4) yields
5N aA'
Al
PR PR
©)
6N 6A'
_ A'
ERR PR AL
E;>0 E;<0

So it remains to determine the quantities 0A%/0A, 0AL[04, OBi[0A, OBi0A. They can
be obtained by means of perturbation theory using standard quantum mechanics.
According to definition the amplitudes A:, B: form the components of eigenvectors
of HFB hamiltonian

(10) HHFB|Vi> = Eilvi>

where |v> = |di_, ... Ai_,, Bi_, .. Bi_,>. The small change dA of Fermi energy A
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gives rise to perturbation term

(11) P, = —dA 4, sign (2)
so after this change the HFB hamiltonian becomes
(12) Hyps = Hygs + ¥,

Using perturbation theory the perturbed wave function [v}) corresponding to
unperturbed on [v;) is

N1y (V| 84p sign («)|v,> e av>
Ivi> - ]V‘> dlm;i Ei _ Em lvm> - IV‘> + dl—;}'-

Therefore
o|vi> (V| 8,5 sign () |v ATA! — B"B:

14 i - m a, i vm = a‘la aDPg v, .
(14) 04 mz*‘i E,—E, I % % E, — E,; I ’
Similarly the small change d4 of energy gap 4 gives rise to perturbation
(15) v, = d4 Oup

and in analogy with (13) and (14) one obtains

avs (V] Bag]vi A7 B; + Bi A,
(16) P2 _ 5 Culdaid), o 5 4B + Bl
04 n%i E,—E, - E-E,
Substituting single components of (14) and (16) into (9) the derivatives ON/dA and
ON04 can be rewritten as follows

ON A"AL — BTBE . ATA. — BTB. .
17a) — =2 e el N it VLY ZA7h B pign

Ei<0 8 E;>0 8

o4 ia m=*i Ei_Em ia m*i E. - E

L3

E{<0 B Ei>0 B "

Using (14) and (16) it is possible to determine the derivatives 0F/dA and 9F/d4
involved in (8)

(182) 7" kX B &

E;>0 B m i

Aﬂ_A!’;M (B;A:' + A:,BZ')

OF _ AgBy + BjAp i im { om
oA - % mz*i E,- _ Em (BEAa + AaBE) .
Ei>0 B

The relations (8), (18) and (17) define the quatitites dN/dA, ON/od, dG[oA, 0G|o4
needed for obtaining changes di and d4 from eq. (6).

So the iteration method of solving of the equation (3) consists in the following
steps. Firstly, the system (3) is solved with the initial values 4, and 4, obtained from
the standard model of independent quasiparticles. Obtained in such a way vectors

(18b)
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(A% Bi) are used then for calculation of N and 4 according to (4) and (5). After
that the system (6) for changes d4 and d4 is solved. The systems (3) with new values
Ao + diand 4, + d4 are solved then again and next iteration can start. The iteration
follow one after another until the solutions of (3) converge. Usually two or three
iterations were sufficient for obtaining this convergence.

This procedure was applied for increasing rotational frequency Q (increasing
angular momentum). In some value of angular momentum the pairing dissapeared
(energy gap 4 became zero) and beyond this value of angular momentum the self-
consistency in solving of (3) was performed only through the number of particles.
It must be pointed out that we did not search for the precise critical values of angular
momentum in which the pairing disappeared. This problem requires the method of
projection onto the precise particle number [8].

Since in our approach the nuclear average field is approximated by phenomeno-
logical Nilsson hamiltonian involving deformation (see (2)) the system (3) is self-
consistent only partially and deformation parameters of average field have to be
determined by other way, not from selfconsistency. We use the liquid drop model
with inclusion of Strutinsky shell corrections [9] in rotating nucleus for the deter-
mination of dependence of deformation on rotational frequency [4]. This method
consists in searching for the minimum of the total energy

(19) E(ﬂ’ ya 'Q) = ELD(.Br 'Y, 'Q) + 6E5trut

which involves the energy E;p(B, 7, Q) of rotating charged liquid drop and the shell
correction 8Egyy, = Eprs — Fsirae Where Eg,,, is the smoothed Strutinsky energy
[9]. The minimization of (19) is performed in the space of deformation parameters
and y for each value of rotational frequency Q. The calculation of the total energy
of rotating nuclei as a function of its shape was performed by means of the method
developed in [4, 5]. The justification of obtained deformation parameters has to be
approved by comparison of calculated and theoretical energies of low-lying excitation
approved by comparison of calculated and theoretical energies of low-lying ex-
citations.

The calculations of deformation were performed for '®8Yb and '68Er. The parame-
ters of singleparticle Nilsson hamiltonian were taken from [21] and pairing strength
constants were determined from semiempirical relation

G = 19.217.4N_Z lMev
A ) A

where sign + valids for protons and sign — for neutrons. The equation (3) was
solved separately for protons and neutrons and all protons and neutrons shells up
to N = 7 were involved in calculations. Summation in HFB equations was performed
over 2,/(15 Z(N)) lowest quasiparticle states. Calculation was carried out for 10
different values of Q in the interval from 0.05 to 0.7 MeV.

Fig. 1 shows the equilibrium deformation of '®®Yb as a function of angular



angular momentum (see [10]). For rotational frequency 2 < 0.3 MeV these results
can be compared with calculation in refs. [11, 12]. All these calculations forecast
the same change of deformation parameters with increasing angular momentum.

.
i
©

Fig. 1
Equilibrium quadrupole deformation of 158Yb for different values of angular momentum. The
deformations corresponding to given value of angular momenta are denoted by points.

The axially deformed nuclei in ground state gains the nonaxial deformation (y + 0)
in the process of rotation. Firstly the parameter y of nonaxial deformation has the
negative values, however in the high spin region corresponding to Q > 0.3 nonaxiality
changes its sign. This demonstrates that inertical properties of nucleus are similar
to thats of rigid body.

Some nuclear characteristics determining the energy balance during rotation are
presented in fig. 2. The curve denoted by 2 corresponds to the states of yrast line
while the curve 1 represents the experimental ground band states. One can see that

E(MeV)

—--1 i (proton)
} * (neutron)

Fig. 2
The calculated and experimental lowest two-quasiparticle energies Ei(,,' ) as a function of angular
momentum. Figure contains also calculated and experimental yrast line energies. The both
functions are given for 168Yb,



for I < 12 the agreement between the theory and experiment is quite satisfactory
(calculation does not contain any free parameters) while for higher spins the model
overestimates nonadiabatic effects. Calculated nucleus moment of inertia @ =
= (.f,)/(l increas very rapidly in comparison with experimental data. Analogic
results were obtained in [4, 37].

The fig. 2 also contains the lowest two-quasiparticle energies E{; > = min {E;, E;}
for protons and neutrons. In the low spin region (I < 20) they lie above 1 MeV.
Neutron two-quasiparticle energies keep high values till the higher spins. In the region
of spins where 4 = 0 there are no other regularities in dependence of E{;’ on I.

—_ 1350 Lo 1325 444
970

Sn 8%, 895 o4
549 552 33 550 g+
264 21 _ 287 280 4
80 83 88 _100 o+

_ 0 _— 0

exp. HFB exp. HFB
“sEr 168Yb

Fig. 3
The comparison of experimental and calculated energies of ground band for 168Er and 18°Yb.
The values are given in KeV.

The fig. 3 shows the results of calculation of the yrast line states. The agreement
of the calculated and experimental values of energies of ground band is satisfactory.
Unlike the most of theoretical papers the free parameters were: frequency, energy gap,
quadrupole axial deformation ¢ and nonaxial deformation y (not only Q and 4).

3. Equilibrium characteristics of heated fast rotating nuclei

If excitation energies above yrast line are sufficient for creation of the states involving
the large number of particle-hole configurations the description of nuclear properties
can be carried out by statistical approaches. In the framework of such approaches
the nuclear properties are determined by expectation values of physical observables
averaged over the large number of excitation states of the nucleaus. That means
the expectation value of the operator O is given by

(20) <Oy = Sp{O exp (—A[t)}/Sp{exp (— A1)}
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where A stands for the hamiltonian of the system and the nuclear temperature ¢
characterizes the excitation of nucleus.

The pairing correlations are not discussed in this paper because their role is
substantial only in the region of low temperature ¢ < 0.6 MeV and low spins I <
< 25-30 h. However it has to be noted that the generalization of the model used in
this paper for the case of the analysis of the pairing effects in rotating nuclei represents
quite complicated problem (see e.g. [13, 14, 15]). The vibrational degrees of freedom
of rotating nuclei are not involved in this paper as well. They were discussed in detail
in our previous papers [6, 16].

In average field approximation the nucleus hamiltonian A involving two-particle
effective potential is substituted by one-particle average hamiltonian which can be
obtained by selfconsistent way. In rotating frame this average field can be expressed
in the form of the sum of one-particle operators (so called routhians) [6, 17].

2
(21) R, =L +v(r) - 9j..
2m
In the case of heated fast rotating nucleus it is convenient to introduce the total
routhian as a function of deformation parameters &, 7, rotational frequency Q and
temperature ? (see e.g. [18])

(22) R(e,7,Q,1) = E;p(e, 7, @ = 0) + gla,.(e, y, Q) At) —

- Y ele,y, 2 =0)a ), t=0.
i=1

Here E, stands for total energy of nonrotating nucleus in the liquid drop model,
g; are the energies of single-particle states in rotating frame which are defined as
eigenvalues of singleparticle routhian

(23) RS.p.(S’ Vs Q) ¢i = 6,-(8, Vs Q) (pi .

In (22) n,(t) represents the occupation number of the singleparticle state i in heated
nucleus which are given by

@) ) = {1 + exp [L?Q)_—i]}

t

where the Fermi level A for protons and neutrons is connected with the corresponding
number of particles by the following relation

(25) ’;’} - .

The bar above the last term in (22) means the averaging according to shell cor-
rection method of Strutinsky [9] in zero temperature. This method is applicable
in our case only if the following condition is sutisfied

(26) Yeie, 7, 2, t=0) — Yefe,y, 2=0, t =0) = —3Q° B g (¢, 7)
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that means if the smooth part of rotation energy of cold nucleus is approximately
equal to rotation energy of nucleus taken as rigid body with the same deformation.
In such a case the total routhian in zero temperature can be written as follows

(27) R(ﬁ 'y, Q, t = 0) = ELD(S, 'Y, Q = O) - %QZ (DR.B.(G, 'y) + 55(8, 'y, Q)

where the last term represents the shell corrections defined by

(28) 3S(e, y, Q) =ié e, y, Q) — :i::lai(e, 7, Q).

The expression (27) for nonrotating case Q = 0 is identical with (19). This identity
could be expected since the basic assumptions of our approach given in introduction
of this paper are the same for cold nucleus as well as for heated nucleus.

The entropy S of heated nucleus and its excitation energy above the yrast line
are given by standard formulae [18]

(29) s=x[HErD=En — (- n0)]
i t

(30) U = Ye(B. v, Q) [A(1) — 7t = 0)].

Cranking model angular momentum of heated nucleus is defined as follows

(31) I=3Jin1)

where single particle matrix elements j;; are determined in terms of the single particle
wave functions ®; (see (23)).

The analysis of the properties of excited heated nuclei can be carrled out by means
of different thermodynamic potentials as a function of corresponding thermodynamic
variables. The most convenient ones for nuclear physics are following

i) Gibbs-Routhian function

(32) Fr(N,Q,t) = R(N, Q,1) — 1S

ii) Free energy of Gibbs potential

(33) _ F(N,Li) = Fa(N, 2, 1) + QI

iii) Total energy as a function of entropy

(34) E(N,S,I) = F(N,1,1) + tS = E(N, S = 0,1) + U(N, I)

where E(N, 0,I) is the yrast line energy and U(N, I) stands for the excitation energy
above yrast line for given value I. .

The choice of corresponding thermodynamic potential depends on the character
of investigated problem. It is evident that all potentials are equivalent from the point
of view of studying of equilibrium characteristics and the equilibrium shape of the
average field of heated nucleus can be found from extrem condition for arbitrary
from these potentials.
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Further the results of the calculations of thermodynamic potentials will be pre-
sented. These calculations were performed using two types of average field: Nilsson
and Wood-Saxon fields and we are restricted ourselves to the following intervals of
deformation parameters, temperatures and rotational frequences:

006 for 0°<y 60°
0<e=<03 for —60° <y 0°
0=<t<2MeV for 0= Q=<1MeV

A IIA

3.1. Results for the Nilsson average field

The method described above was used for determination of equilibrium shapes
of fast rotating even-even nuclei in the mass region 60 < Z < 76, 90 < N < 108.
The average field V(#) was approximated by Nilsson potential in the form presented

in [4]
(35) V(7 Vao(F) + Veor(F)
Vio(F) = haoe® .
1= 2eJ(#) mcosyYyo + 3/(%) ne J(3) siny(Yy, + Y,_,)]
Veor(F) = —xhipo[215 + p(1* — N(N + 3)]

Harmonic oscillator potential Vo depends on two parameters ¢ and y of quadrupole
deformation which determine the nuclear shape. The term Vg, is introduced to
average field in order to improve the description of singleparticle nuclear charac-
teristics and inertial moment of nucleus. It was shown (see e.g. [4]) that moment of
inertia calculated from Nilsson potential (35) and averaged by procedure of shell
correction method almost coincides with the value obtained for rigid body with the
shape. The parameters » and yu in the term V,,, are chosen in order to reproduce the
experimental sequence of singleparticle states for deformed rare-earth nuclei [19].
Oscillator frequency had its standard value hw, = 424~ *3[1 + (N — Z)/34] MeV
where the upper sign corresponds to neutrons and lower to protons.

Fig. 4 presents the dependence of free-energy minimum in the space of deformation
parameters ¢ and y on angular momentum for 52Sm, !°°Yb and !8°Os. The calcula-
tions were carried out for nuclear temperature t = 0.2 MeV. The excitation energy U
corresponding to this temperature is U ~ 0.5 MeV. Such value of the temperature
and excitation energy does not destroy the shell-effects and, at the same time, facili-
tates the interpolation procedure used in the calculations. The comparison of fig. 4
with the similar hodographs in [4] (see figs. 19, 21 in [4]) shows the good agreement
between the approaches used in this paper and that in [4]. In both approaches the
equilibrium deformation parameter y is small and negative in '*2Sm for angular
momentum 0 < I < 30 and both the papers give the same value of angular momen-
tum for which the nucleus 132Sm reaches the oblate shape (deformation Y= 7t/3).

13
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Fig. 4

The hodographs of equilibrium deformation parameters for different angular momenta in (g, y)

space obtained from condition of minimum of free energy F(e, , I, t) for t = 0.2 MeV for 132Sm,
160y and 1890s. The points in figs. correspond to written value of angular momentum.

"/

Nz

rd

=

Fig. 5

The dependence of free energy of 12°Ba on axial deformaticn for different temperature. Full
lines correspond to oblate shape and to angular momentum directed along the symmetry axis.
Dotted curves are connected with collective rotation of nucleus with prolate shape.

Fig. 5 shows the free-energy F of 12°Ba as a function of deformation parameters
for different temperatures t. There are presented only the sections of the surface
of F along the axial-symmetry axes of prolate (y = 0°) or oblate (y = =/3) ellipsoid.

The smoothing of shell effects with increasing temperature can be seen from figs. 6
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and 7 where the Gibbs-Routhian function Fg and dynamic moment of inertia # =
= {I,>|Q are demonstrated as a functions of deformation for different values of
temperature ¢ and rotational frequency Q. The equilibrium shape becomes spherical

lﬁﬂYb

@e0.1MeV 0.4 MeV 0.8 MeV

t=04 MeV

*

5 6 «=58.9 MV’ «=66.1MeV"’

0 1 2 3 &4 .
< =515 MeV™

®=0.4MeV
t=1.0 Mev

=08 MeV

o=0.4MeV
1=2.0 MeV

w=08MeV
t=20MeV

+=59.25Mev”" «=69.08MeV” +=69.24MeV "’

Fig. 6
Gibbs-Routhian function Fy surfaces for different rotation frequences 2 = w and temperature ¢
for 19°Yb. The minimum value of K for given value of 2 and ¢ is shown under the corresponding
figure. The marked region in the vicinity of F,'(“i“ contains the points which differ no more than
by 0.5 MeV from F", The lines of fixed value of Fy are characterized by numbers. If one adds
numbers to FI" it is possible to obtain the value of F corresponding to given equipotential curve.

for Q = 0 when temperature reaches high values while fast rotation gives raise to the
oblate deformation with symmetry axis in direction of angular momentum. The
curves of fixed value of Fy for t = 2.0 MeV behave similarly to those predicted by
liquid drop model. The inertia moment oscillates for two values of temperature but
it depends on deformation in the same way as in liquid drop model for high tempera-
tures t ~ 2.0 MeV. In segment corresponding to Q = 0.4 MeV and ¢t = 2.0 MeV
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wW=08MeV
t=0.2:MeV

w04 MeV
t=0.2 MeV

wW=0.8 Mev
t=1.0MeV

+=-55.47 MeV * = -60.92Mev o =-78.43 MeV

Fig.7
The dynamical moment of inertie surfaces (7 (¢, y) = {I)/R) for different values of 2 =  and 1.
The minimal values #7,7,, are denoted by points in each figure and their numerical values are
under each figure. The numbers for equipotential curves determine the values of _#(¢, y) of each

curve with respect to }";'Li";,).

in fig. 11 there are the lines of fixed value of the quantity f(e, y) defined as

_ Fre.(87) — : o 8 2
(36) (e, y) }’_—R,B,(O,O) (1 + %esin(y + 30°) (1 + 335¢?)
where ¢ 5.(e,7) is the largest from the rigid body moments of inertia. Standard
deviation of calculated inertia moment from g g (e, y) for t = 2.0 MeV does not
exceed 29 for all values of Q. The rigid body estimate of the moment of inertia
Frn.(0,0) = 3MR}A = 65MeV™! (R, = 1.2 A3 fm, M is nucleon mass) is quite
close the expectation value #(e, 7)/f(e, y) = 66 MeV~'. It must be noted that the
function #(e, y)/f(e, y) decreases by about 3—4%; when & increases from 0 to 0.6. It
can be a cause why the equilibrium deformation point of 1°°Yb for t = 2 MeV and
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Fig. 8
The total free energy F equipotential curves for different values of angular momentum I and
temperature ¢ for 16°Yb. The minimum values F™" are denoted by points surrounded by marked
region. Corresponding values of F™™ are given under The each figure. The scale of values of F
is characterised by numbers for some equipotential curves.

I = 80 still remains to be placed on symmetry axis, what is in contradiction with
the results of liquid drop model. The second cause of this fact is the neglecting of
the higher order of deformation (other than quadrupole) in our calculations.

We will demonstrate obtained results of thermodynamic potentials FR(e, Y, Q, t),
F(e, 7,9, t) and E(e, 7,1, t) for the case of typical rare-earth nucleus such as '°Yb.
These results are presented in the figs 6, 8, 9. The functions F, R(x~:, Y, Q, t), F (e, v 1, t)
and E(g, y, I, S) determine the potential surface of rotating nuclei. From the mathe-
matical point of view the Gibbs-Routhian function Fg(e, y, Q,t) is the simplest.
However the variables Q and ¢t are not measurable quantities. They represent formal
mathematical variables (Lagrange multipliers) which were introduced in order to
avoid the difficulties in solving of variation problem with additional conditions. On

17



1=80
$=15

3

AN

R

B
4
3\

«=45.72 MeV

»a =45.171MeV « =87,18 MeV

Fig. 9
The total energy E(e, y; I, S) surfaces for different values of angular momentum I and entropy S
for 10Yb. The points surrounded by marked region corresponds to minima of energy for given I
and S. The corresponding values of E™" are given under the each figure. The scale of values of E
is characterised by numbers for some equipotential curves.
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Fig. 10
Temperature dependence of rigidity and equilibrium axial deformation for 12683, 160, 208py
for zero angular momentum (a) and dependence of these quantities on I for t = 2 MeV (b).

18



#=41.8 MeV o = 59.46 Mev »=92.74 MeV

Fig. 11
The total energy E(e, 7, I, S) surfaces for different values of angular momentum I and S for
1529m, The description of figure is the same as in fig. 9.

10005

*=41.07MeV *=50.43 Mev

Fig. 12
The total energy E(e, y; I, S) surfaces for different values of angular momentum I and S for
18005, The description of figure is the same as in fig. 9.
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the other hand the calculation of F and E requires the interpolation procedure in
transition from frequency Q to given value I of angular momentum and from tem-
perature ¢ to given value S of entropy.

S
S

Fig, 13
The hodographs of minimal energies E(e, y; 1, S) for different values of entropy S = 15, 30, 50
for 152Sm, 16OY‘b, 180(ys. The points in hodographs correspond to given values of angular
momentum.

If the variables Q, t and I, S are connected by the expression (29) and (31) the
function Fg(e, 7), F(e, 7), E(e, y) have to have the common points of minimum in
the ¢,y plane. This point determine the equilibrium deformation of nucleus. The
density of equipotential curves in the vicinity of equilibrium points allows to estimate
the forces making for the equilibrium position of nuclear shape. One can see from
the figs 10— 13 that in low temperature region the equilibrium deformation is fully
determined by shell correction. The nucleus '®°Yb is prolate for low Q(I) and small
excitation energy (¢ ~ 0.24, y = 0° for Q =1 = S = 0) while the fast rotation
(2 = 0.5MeV, I = 30) leads to the nonstability of prolate configuration even for
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low temperature. For higher rotational frequency Q = 0.7 MeV (I = 50) the nucleus
160yh obtained the oblate shape with symmetry axis in the direction of angular
momentum. The further increasing of Q2 brings about the large value of ¢ and strong
centrifugal forces what demonstrates the increasing role of liquid drop component
of energy.

Statistical excitations which are characterized by participation of a large number
of degrees of freedom and introduction of nuclear temperature ¢t decrease the shell
correction in energy. With increasing nuclear temperature ¢ the transition from shell
regime of rotation to liquid drop one occurs for lower values of momenta I. For
t 2 1.0—1.2 MeV (U 2 14—17 MeV) the prolate configuration in '*°Yb is nonstable
for all values of spin. Character of deformation in this temperature is qualitatively
identical with that of rotating drop. For t 2 2 MeV (U = 50 MeV) the shell effects
have no influence on nuclear shape.

Fig. 10 demonstrates the behaviour of the most probable deformation of heated
nucleus and its rigideness characterized by parameter

_oF
0edy

as a function of angular momentum I and temperature ¢ for some typical nuclei
from the region 100 £ A4 < 210. The results show the basic details of evolution of
the nuclear properties in the process of heating. This picture confirms again the fact
of lowering of shell effects with increasing temperature. For ¢t ~ 1.2 MeV and
0 < & < £.4,;).(t = 0) the deformation variation of liquid drop component of energy
is approximately equal to variation of shell component of energy. The figs. 6, 7, 9
give the explanation. One can see from fig. 9 the energy surface E(e, y) has small
minimum for I = 0, S = 50. The analogous situation is observed for Fg(e, ) (fig. 6)
and F(e, y) (fig. 8). This reflects the transition from deformation typical for shell
model to liquid drop model deformation which is clearly spherical forI = 0, S = 50.

The calculations with result given in figs. 6 —10 allow to derive the interpolation
formula which connects the angular momenta I and excitation energies U for which
the transition from shell regime of deformation to liquid drop one occurs

(37) (IL)* + (UlU,)? =~ 1.

In the case of '°Yb I, ~ 40, U, ~ 15 MeV. For I and U satisfying (37) the defor-
mation variation of shell component and liquid drop component of corresponding
thermodynamical potentials are equal each other. The expression (37) represents the
equation of closed curve in the space of I, U. Inside this curve the shell correction
part of energy dominates while outside region prefers the liquid drop part of energy.

The authors of [4] pointed out that rotation can lead to the preference of energy
minimum of shell energy for high values of e. Our results for °°Yb for ¢ = 0 show
the decreasing of Fg, F, E leading to the second minimum for ¢ > 0.6. This minima
can be distinguished well also for U ~ 5 MeV (t ~ 0.5 MeV, S ~ 15) but they are
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completely gone away for U ~ 15 MeV (¢ ~ 1.0 MeV, S ~ 30). One can conclude
from this that the value U ~ 15 MeV is the critical value for which the transition
from shell regime rotation to the liquid drop one occurs for all investigated cases
of deformation.

The figs. 11 and 12 demonstrate the minimum value of E(e, y) for the other nuclei
1528m and !%°0s of rare-earth region. These figs. confirm the conclusion about
regime transition given above for 6°Yb. The potential surfaces for different nuclei
are quite different for low values of temperature and entropy and therefore the
hodographs of minimum energy for small ¢ or S or U differ considerably in fig. 13.
However not so high excitation (t ~ 1.0MeV, S ~ 30.0, U ~ 15.0 MeV) cancels
these differences and higher excitation leads to the liquid drop mechanism of evolution
of nuclear shape in rotation.

3.2. Results of calculation with Saxon-Woods average field

In this part of paper the dependence of termodynamical potentials and energy
on nuclear deformation is investigated, concretely the evolution” of this dependence
in the process of nuclear rotation. In opposite to previous part 3.1 the nuclear
average field is approximated by Saxon-Woods singleparticle potential

(382) VOU(F; B) = Veoa(7; B) + ViO(F; B)
(38b) VO(F; B) = I/c(epn)t(?; B) + Vl(sp)(F; B) + Veoul(7: B)

Here Vcen,(?; B) is the central part of the average nuclear field, ¥}, stands for the spin-
orbital potential and V,,, represents the Coulomb potential of homogeneously
charged part of space contained in nuclear surface. Central part V,,,, is given by

(39) CoendF B) = = Vof[L + €4F:00e]

where ¥, is the potential well depth, d(¥, B) is the shortest distance between the
point # and nuclear surface and a is the diffuseness parameter of the potential on
the nuclear surface. The symbol B characterizes the set of deformation parameters
(B = (B2, Bs> 7). We use the Bohr parametrization of quadrupole deformation

(40) Bao = B2 cosy
B2z = B2-2 = \% By siny

where y characterizes the nonaxial deformation. It is assumed that hexadecapole
degrees of freedom does not violate the symmetry of quadrupole deformation.
By other words it means that the quadrupole and hexadecapole degrees of freedom
have the same symmetry axis in the transition from y = 0° to y = n .60 (n =
= +1, +2, +3). This leads to the three independent ways of the parametrization
of hexadecapole degrees of freedom. One of them used in this paper has the fol-
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lowing form

Bao = %(5 cos?y + 1)

Bs [15 .
41 =f4_,=— [—sin2
( ) Baz 4-2 6 \/2 Y

Bs [35 . 5
= _ = — — SIn
Baa = Ba-a p > Y

where B, is the parameter determining the value of the hexadecapole deformation.
The spin-orbital potential has its standard form

@) W) = =1(50) FVeenlrs )G x 7)

where p and 3§ = 3/2 are nucleon momentum and spin operators respectively, and
Veend(F, B) is given by eq. (39) with corresponding parameters. The parameters of the
central as well as spin-orbit parts of potential were taken from [21]. The Coulomb
potential for protons has been determined as a classical electrostatic potential of

.=-4.20
»=-961.18

Fig. 14
The equipotential surfaces of Gibbs function F(B, y; I, t) for different values of angular mo-
mentum [ and temperature t = 0.2 MeV for 118Te, The points correspond to the minimum
of free energy Fy;, = F(B= y = 0) + AF(B, Pmin) (corresponding values F(0,0) and 4F,;,
are given under the each surface). The numbers for some equipotential curve determine the scale
of changing of free energy, for instance the curve with number 2 corresponds to value
F= F,,, + 2MeV.
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a uniformly charged nucleus with a nuclear surface characterised by deformation
parameter f.

Fig. 14 shows the equipotential curves of free energy for ''®Te in dependence on
deformation. It can be seen that this nucleus is sufficiently soft with respect to nonaxial

Fig. 15
The equipotential surfaces of liquid drop component of deformation energy for different values
of I for 118 Te. The description of figure is the same as in the fig. 14.

deformation. The analysis of liquid drop component energy of deformation !!8Te
(see fig. 15) confirms the increasing of axial deformation B, with growing of angular
momentum. This fact can be cleared up by means of lowering of shell-effects. The
analogous result was obtained in [22].

The yrast line of *'8Te is formed by three rotational bands (see fig. 16). In low-spin
region(I < 30 h)theyrastine is represented by ground rotational band character-
ized by axially oblate shape (y = +60). This deformation is determined by shell
correction part of total energy which is decisive in this region of spins. For higher
spins (I > 30 k) the shell corrctions prefer the axially prolate shape (y = 0°) which
corresponds to the second band in fig. 16. The third band is connected with nonaxial
shape which characterise '18Te for high spins I > 44 k. The analogous predictions
can be obtained in the case of calculation based on the Nilsson potential [38].

The interesting results was obtained for the nucleus '3°Ba. For momentum I =
= 48 h (fig. 17) the shell effects leads to the appearance of two minima in energy
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The yrast line of 1!%Te,
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Fig. 17
The free energy equipotential surfaces for different values of I and = 0.2 MeV for !3%Be.
The description of figure is the same as in the fig. 14.
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Fig. 18
The free energy hodographs F(B, y; I, t = 0.2 MeV) for 22Te, 126:130)138ge The points in
each hodograph correspond to the minima of free energy for given value of angular momentum.

surface with approximately equal depths. One of them corresponds to axially-oblate
shape (B, = 0.2, y = —60°) and the second one to axially-prolate shape (8, = 0.3,
y = 0°). The barier between them seems to be sufficiently high (~1 MeV) in order
to interpretate these states as shape isomers of given nucleus. The barier height
diminishes to 0.5 MeV for I ~ 60 h and further increase of I leads to the axially-
prolate shape.

The calculations showed that the change of the shape caused by the rotation of the
nucleus with nonoccupied neutron shell N ~ 70 and with proton number Z > 56
has the special characteristics similar to those of nuclei from rare-earth region 150 <
< A < 190. For angular momenta I ~ 20—30 / the axially-prolate shape (y = 0°)
with deformation f, ~ 0.2 is the most probable from the point of view of energy.
If the angular momentum increases the nucleus becomes more and more unstable
with respect to nonaxial deformation. Besides that the liquid drop contribution to
deformation energy plays bigger and bigger role so the liquid drop component is
comparable with the shell correction component. If angular momentum or rotational
velocity is further increased the axial-oblate shape (y = —60°) with small deformation
B2 ~ 0.15 is preferable. Further increase of rotational frequency leads to triaxial
deformation (B, = 0.4, y ~ 15°—20°).

A little difference in behaviour can be observed for nuclei with neutron number

26



close to magic N ~ 82. The shape of this type nuclei is approximately spherical for
small angular momenta. Faster rotation leads to the oblate shape with small angular
momenta. This shape is favourable up to I ~ 60—70 . The increase of angular
momentum to these values is only accompanied by small growth of #,. After reaching
I ~ 60—70 h the sharp transition to rotation characterized by axial prolate shape
(y = 0°) occurs. Just then the deformation B, increases to 0.6.

The increase of excitation energy above the yrast line leads to the weakening of
shell effects and, as a result of this, to the smoothing of the relief of deformation
energy surfaces in f, — y plane. The characteristic temperature for which the shell
correction practically does not influence the deformation is ¢ ~ 1.1 MeV. This
value was confirmed by calculation with modified Nilsson potential. Therefore this
characteristic temperature of 1.1 MeV is probably common for all potentials
describing the singleparticle density distribution in the vicinity of Fermi level. The
temperatures higher then this characteristic value correspond to rigid-body regime
of rotation. It must be noted that inclusion of hexadecapole deformation to the
calculations leads to the nonaxial shapes of nuclei for very fast rotation in contra-
diction to the results obtained for Nilsson average field (see sect. 3.1) where the
energy minimum corresponded to axial-oblate shapes for I ~ 70—80 k.

3.3. The results of shape calculation

One of the most important conclusions which can be drawn from the results of
calculations presented in previous parts of this paper concerns the determination of
critical nuclear temperature ¢, = 1.0—1.2 MeV (U, = 14—17 MeV) characteristic
for disappearance of shell effects in determination of the shape of rotating nuclei.
In connection with this conclusion one has to mention two circumstances.

Firstly, it is interesting to compare the value t, with the predictions of this quantity
based on the simple model of energy dependence of the density of single particle
states [23]

g(e) = go + f cos (21: - 80) .

hw,

The oscillating part of g(¢) leads to the shell correction in energy of heated magic
nuclei

f 2 2 Cht
43 U= — — (hwy)* t
(43) 4n? (o) (sh7)?
where
2 1/3
(44) e= 20 a6 (A .
ho, 170

One can see from (43) and (44) that characteristic nucleus temperature for damping
of shell effects is higher than our result. It must be however mentioned that our

27



calculations were performed for deformed nuclei including many nucleons in open
shells. In the lowest order in ¢ deformation does not influence the singleparticle
state density fluctuation connecting with the existence of principal shells (see expr.
(6.514) in [23]). The deformation enters the thermodynamic potentials through
the higher harmonics in Fourier expansion for density of singleparticle states. These
higher harmonics do not participate in the expressions for g(&) given above. Therefore
the damping of shell effects can be expected for lower temperature ¢ than predictions
obtained from expressions (43) and (44). The other confirmation of our value ¢, is
given by different character of the competition between the liquid drop and shell
regimes of deformation in spherical and deformed nuclei. The fig. 10 demonstrates
this fact. In deformed nuclei '2°Ba and '6°Er the shell effects disappear very quickly
for t ~ 1.2 MeV. In opposite to this spherical nucleus 2°®Pb is characterised by
considerable shell effects up to the higher temperatures in comparison with deformed
nuclei. The transition from shell regime to liquid drop regime of rotation has the
character of phase transition for deformed nuclei while for spherical nucleus 2°8Pb
this transition is slow and smooth.

The second circumstance concerning the critical nuclear temperature ¢, is connected
with data obtained from (HI, xn) reactions. The typical excitation energy of com-
pound nucleus reached in heavy ion reactions is 20—30 MeV. The shell effects
cannot influence the equilibrium deformation of such states. Therefore the liquid
drop model calculations can be applied for the analysis of the properties of the states
of compound nucleus formed in (HI, xn) reactions such as the critical angular
momentum for fission of compound nucleus or fission barier [20]. It must be re-
minded that the analysis of liquid drop part of energy done in this paper is not com-
parable with the numerical analysis of fission barier presented in [20, 4]. As it was
mentioned in [5] the inclusion of shell corrections can lead to the increase of limitting
angular momontum of nucleus settled on the barier by about 30 i. However the
analysis of experimental data [24] presented by A. Bohr [3] does not confirm this
fact. On the contrary it supports our conclusion about the liquid drop model evolution
of nuclear deformation for such high excitations.

The first stage of deexcitation of compound nucleus formed in (HI, xn) reaction
is accompanied by emmision of nucleons. In such a way the nucleus loses the energy
and after reaching the excitation about 10 MeV the deexctiation goes exclusively
through the emmision of gamma quanta. According to our calculations the excitation
energy about 10 MeV is characterized by large fluctuation of nuclear shape which
leads to the collective quadrupole transitions from these states. Our calculation
allows one to expect the further deexcitation by gammas which take away the angular
momentum keeping the nucleus excited above the yrast line. The shell effects remain
still weak in this region of excitations. They become substantial when the excitation
energy reduced approximately to 5 MeV above the yrast line (what corresponds to
temperatures ¢ < 0.6 MeV). Then the nucleus starts to move along the valleys of the
shell potential energy surface during the deexcitation in the process of nucleus rota-
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rotation. The shell inhomogenities in single particle spectrum play the substantial
role in this stage of deexcitation. This shell correction influence concerns not only the
statistical characteristics of fast rotating nuclei but also the transition probabilities.
Generally speaking the method of calculation of thermodynamic potentials allows
to obtain the densities of level for all possible deexcitation channels of decay of
compound nucleus formed in heavy ion reactions.

In the end of this part one has to mention that the obtained above basic laws in
shape evolution of fast rotating nuclei are independent on the fact if the nuclar
average field is approximated by Saxon-Woods or Nilsson potential.

4. Spectrum of quadrupole gamma quanta emmited by fast rotating nuclei

Though the gamma spectrum emmited from high excited fast rotating nucleus is
complex its basic characteristics can be cleared up in terms of the analysis of shape
evolution. Particularly in this part of paper it is shown that the irregularities of gamma
spectrum from deexcitation of high spin states of ''8Te [25] can be explained by
changes in shape of this nucleus in the process of its rotation.

We will assume that the main contribution to the gamma spectrum comes from
the quadrupole transitions between the states of yrast line or the states of rotational
bands close to yrast line. Certainly the total spectrum of gamma quanta requires
also the inclusion of the statistical dipole and quadrupole gammas going from high
excited states with high momenta to the yrast line states. However the contributions
of these gamma quanta are not substantial as was shown in [26, 27].

Taking into account the fact that the high spin part of y-spectrum has smooth
statistical character, the intensity of y-quanta n,(E,) has to be averaged within some
interval 4 of energy in the vicinity of E, (E, is the energy of y-quantum) with some
weight g,(E,)

max

(45) n(E,) = 5 n (D) os(E, — E(1)

min
where sum goes over the all angular momenta of yrast-line from I, = 2 h with
step 41 = 2 h up to maximal angular momentum I,,,, When nucleus exists as a bound
object. Weight function has to be normalized so that

0
(46) f ouE, — E)dE = 1.

o
Assuming weight function g, in the form of function of Lorentz we obtain the fol-
lowing expression for ny(Ey)

A Tmax n,(I)
47 n(E) = — ! .
“7) oE:) 21 1;2 (E, — E())* + (4)2)
In (45) and (47) n,(I) stands for the number of possible quadrupole transition de-
excitating the nucleus along the yrast line from the state with momentum [,,,, down
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to the state with momentum I. This number n,(I) is connected with the degeneracy
function g(I) (3. g(I) = 1), where
I

21 +1 for I <1,
(9 o =cfg ' 1
where C is normalizing factor. Then the number n,(I) is given by

Lwe + 1T+ 1) (Inx — I +2)
49 n(l) = CY g(r) = Umax pua :
(49) A7) I,Zzlg( ) I+ Do 7 2)

The energy E(I) of quadrupole transition along the yrast line from the yrast state
with momentum I can be expressed as follows

(50) E(I) = gh

where @ is the inertia moment of nucleus in the yrast line state with momentum 1.

The calculated spectrum of gamma quanta for ''8Te is shown in fig. 19. The
maximal angular momentum I,,,, used in eqs. (45)—(49) is I .., = 72 h. This value
was chosen in accordance with the multiplicity data [25]. The maxima in n,(E,)
appear just for the values of momentum I corresponding to the crossing of bands
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The spectrum of y-quanta n,(E,) emmited by excited 118,
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The dependence of energies of y-quanta emmited by excited 118Te on angular momentum.
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which form the yrast line. It is well known fact that crossing of bands leads to the
irregularities in dependence of inertia moment on angular rotation frequency (see
figs. 16 and 20). Because of the transition energy E(I) (see (50) is proportional to # ~*
the increase or reduction of inertia moment shows itself immediately as irregularity
in intensity n,(E,). The increase of inertia moment during the crossing of bands
leads to the appearance of maximum in n,(E,).

The obtained spectrum n.(E,) is in qualitative agreement with the experimental
data [25]. These data also provide two maxima with positions identical with calculated
ones. The inclusion of the pairing correlations causes only a slight shift of the curve
n(E,) in the direction of higher E, because the pairing correlations reduce the
inertia moment.

The transition from one yrast line configuration to another one is characterized
by the change in the symmetry of the average field. Therefore such a transition leads
to the change of the inertia properties of nucleus and as a result of it the irregularities
of the spectrum of gamma quanta deexcitating the nucleus appear. The transition
from the shell regime of rotation which is characteristic for low spin region to the
macroscopic liquid drop regime is accompanied by the increase of inertia moment
and therefore it leads to the maximum in gamma-spectrum. From this conclusion
one can see that the analysis of gamma spectrum of fast rotating nuclei resulting
from (HI, xn) reaction gives the information about the shape evolution of nucleus
and vice versa.

5. Emmision of alpha-particles from fast rotating nuclei

One of the most important channels of deexcitation of high excited nucleus which
can occur before the gamma emission is the alpha-particle emission. Combining
the microscopic approach [28] for description of alpha-decay of nonrotating nuclei
with the cranking model we analyse the influence of formation factor on alpha-
particle emission from high excited nucleus in high spin states [ 10]. It must be noted
that the problem of alpha-emission from nuclear high spin states was also investigated
in refs. [29, 30]. However in these papers the alpha-particle emission was treated
only in the framework of the calculation of the barier penetrability in WKB ap-
proximation that means without inclusion of the effects of internal structure of
nucleus.

This paper is devoted mainly to the high spin region (fast rotation). Since the
pairing effects dissappear for spins I > 30 /i (see e.g. [17]) we do not take them into
account. We also restrict ourselves to the case of cold fast rotating nuclei in spite
of the fact that the alpha-particle emission goes first of all from the high excited
states. This is justified because we are interested in the region of excitation of nucleus
after the neutron emmision which has taken away the considerable part of excitation
energy. So the nucleus is in the state of cold rotation where besides the gamma
emmision there is a nonzero probability of alpha-particle emission.
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According to “R-matrix” theory the total width of alpha-decay from the nucleus
state k is given by [28]
[’ 0
(51) r,=2nY M
e [€OL(r) | 2(r)>
Here OX(r) = r{®, | ¢) is the amplitude of the factor of formation of alpha-particle
in the nucleus or by the other words overlaping integral of wave function of parent
nucleus ]d>k> with the internal function of a-decay channel ]c) which consists of the
internal function of a-particle and the internal function of daughter nucleus. That
means the quantity O:(r) depends only on relative coordinates r of a-particle and
daughter nucleus. The radial part ¢2*(r) of the total c-channel wave function
(1/r) ®2(r) |c> can be found from the following differential equation

(52) {g [g; - L(er 1)] + Velr) = e +c;chc'(r)} {zég} = {o;(r)}

where u is the reduced mass of a-particle and daughter nucleus, V,.. stands for the
internal matrix elements of the interaction of a-particle and daughter nucleus

(53) Voer) = Le| Vil = (=1)"® (24 + 1) [(2I + 1) (2R + 1)]">.
LiR\ L RI
'(o 0 0) {R' L ,1} Vi)

Here I and R are angular momenta of maternal and daughter nucleus respectively,
Lis the orbital momentum of relative motion of a-particle and daughter nucleus and

2
=Zrck.

c

(54) Vi(r) = f F2 0() Vel |F — F|) Ps(cos ©) dr' d cos ©

where Veff(lf - ?’]) is the effective interaction of w«-particle and the nucleons of
daughter nucleus including the Coulomb part. The symbol g,(r') represents the
radial component of the density of nucleons of the daughter nucleus corresponding
to the multipolarity A (see e.g. [31]). The energy &, taken away by a-particle in
channel c is given in the case of rotating nucleus by the difference of energy of parent
nucleus and sum of energies of daghter nucleus and bound energy of a-particle

(55) & = Ea(I’ L) = Ey(e’ ')") - E?(E', ')”) - Eﬁound‘ .

In our approach the energy of material or daughter nucleus is determined from the
condition of minimum of nucleus potential energy for given angular momentum I
by the shell correction method of Strutinsky with the cranking Nilsson average
cranking Nilsson average field [10].

The overlapping integral O%(r) (see (51)) can be written in the following form for
the case of high angular momenta (I > 1)

(56)

0%(r) = 0{u(r) = (RRLM |II) \/ ;ii zk:(IOLK | IK) C(I)| A7 (r; L, K)| o(R))>
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where |w(I)) represents the internal nucleus wave function in rotating frame (cranking
model wave function), 4; (r; L, K) is the creation operator of a-particle (see [32])
depending on the overlapping integral of the internal wave function of the a-particle
in the point r with the product of the wave function of four nucleons antisymmetrized
with respect to variables of two protons and two neutrons[34,35]. The overlapping
integrals O(r) obtained by (56) can be used in (52) for determination of ®2*)(r)
and the following using of (51) provides the corresponding life time of the state k
of maternal nucleus with respect to a-decay through channel ¢

In2
(57) (TI/Z)kc = 7,-‘ .

ck
It must be noted that for zero rotation frequency we obtain the same result as in [36]
for OY(r). In numerical calculation of partial width I',, we did not take into account
the effects of continuum. The requirement of the antisymmetrization of channel
wave function in (51) was effectively involved by condition <O0X(r) | ®3(r)> = 0.

We studied the reaction '22Xe — !!'8Te + « for various values of maternal as
well as daughter angular momenta. We assumed that the daughter nucleus momentum
was determined as R = I — L. The calculation of the shape evolution of the nucleus
122Xe showed that the most favourable shape for medium as well as for high spins
is the axially oblate form (see fig. 21). In this case the nucleus rotation has the

122 06

Fig. 21
The hodograph of total energy surfaces of 122%e. The points in hodographs correspond to the
minimum of energy for given value of angular momentum.

“noncollective” character when the total angular momentum increases in con-
sequence of the alignment of single nucleus along the symmetry axis. In order to
avoid the numerical problems we also supposed the shape of daughter nucleus to be
same as that of maternal nucleus.

The results of the calculation of the partial life time (57) in dependence on the
angular momentum L of emmited a-particle are presented in fig. 22. It can be seen
that for I < 36 h there is the minimum of Ty, corresponding to L ~ 6 k. Therefore
the most of the a-particles emmited from rotating !22Xe with I ~ 36 i has angular
momentum L ~ 6 h. From fig. 22 it follows that the increase of rotation momentum
leads to the reduction of half life T;,, and so to the increase of probability of «-
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emission. Since we restricted ourselves to the case of the cold fast rotating nuclei one
can conclude the following: the cold nucleus in “noncollective” fast rotation regime
is the source of alpha particles.
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The dependence of half time of a-particle on its angular momentum for different values of spins
of 122xe,

The similar calculations of alpha-particle emission probability for reaction
Kr — Se + a show that the taking of the formation factor into account leads to the
shift of the half time T;,, towards the lower Lin comparison with the results in [29]
where the formation factor was not included. The value predicted in [29] was
L ~ 14 k while our results is L ~ 8 h. The simple estimates of the probability of
nucleus deexcitation by means of the collective quadrupole gamma quanta (see expr.
(3.146) in [32]) demonstrate the fact that already for I'' = 34* in this reaction the
emission of alpha-particle is favourable channel. Indeed, the average energy of E2-
transition in this region of angular momenta is AE ;, ~ 1 MeV. Assuming that the
E2-transition probability has the same order of value for Kr and for rare-earth
deformed nuclei (~ 10? Weisk. units) we obtain T},,(yE2) ~ 107! s. Our numerical
minimal value of half time for a-emission is T},,(a) ~ 10717 s.
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6. Conclusions

The examples of physical effects discussed in this paper showed the importance of
the shape evolution with increasing nuclear rotational frequency. The process of
deexcitation of heated nucleus in high spin states is considerably influenced by the
deformation of nucleus. Concretely, the way of deexcitation (particle emmision or
gamma-quanta emmision) for given angular momentum is determined by the shape
of nucleus. Therefore the studying of deformation or shapes of rotating nuclei is an
interesting topic and determination of deformation dependence on nuclear momen-
tum is the crucial point in understanding of the process connected with deexcitation
of fast rotating and heated nucleus.
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