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Fluctuations in the Shape Transitions of Hot Nuclei
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The effect of quantal and thermal quadrupole shape fluctuations in the giant dipole response function
of hot nuclei at high spin is studied within the Landau theory of phase transitions. The effects are found
to be important in the relation of the nuclear shape to the experimental findings, and in the identification
of shape phase transitions.
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In a recent paper, ' the Landau theory of phase transi-
tions was applied to the study of quadrupole shape
changes in hot nuclei, and the universal features of such
transitions derived. These results are likely to play an
important role in the study of nuclei at finite tempera-
ture. However, fluctuations of the shape in a small sys-
tem like the nucleus are expected to be of such impor-
tance that their effect must be taken into account before
the results of the model can be compared with experi-
ment.

In the present paper we introduce fluctuations in the
Landau model for nuclear phase transitions of Ref. 1,
and discuss some of the efl'ects associated with this
phenomenon. It will be concluded that fluctuations of
the shape are, as a rule, as important as the average de-
formation values in the determination of the efl'ective nu-

clear shape.
The calculations have been carried out as a function of

temperature and angular momentum, making use of the
parametrization adequate for the nucleus ' Er, in keep-
ing with the example discussed in Ref. 1. The thermo-
dynamic potential 4(p) describing the system as a
function of the order parameters p:—Ip, yI is written as

4(P, y) =@o+AP BP'cos3y+CP ——
—,
' Sto',

where co is the rotational frequency. The quantities @0,
A, B, and C, as well as the moment of inertia 2 are
universal functions of temperature and are taken from
Ref. 1, while p and y measure, in the rotating body-fixed
frame of reference, the size of the quadrupole moment
and the departure of the spheroid from axial symmetry.

The general theory of thermodynamic fluctuations
states that, for a given temperature and pressure, the
probability p(p) of a definite configuration p—:lp, y) of
the order parameters is given by

z —
1 c(p,r)IT—

where Z is the partition function

z= (2)

and dr is the volume element associated with the p and y
parameters. Following the arguments presented in Ref.
4 (cf. also Ref. 6) in connection with the analysis of the

y deexcitation of hot nuclei with fixed total angular
momentum and projection,

dr =pdpdy. (3)

Employing Eqs. (1)-(3),one can calculate the expec-
tation value

(F) = d.p(p, y)F(p, y), (4)

of any operator F(p, y) that can be expressed in terms of
the collective coordinates p and y.

In Fig. 1, we display the average values

p=(p), y=(y), (s)

corresponding to the nucleus ' Er, as a function of tem-
perature and for zero rotational frequency. It is noted
that the associated thermodynamic potential given in

Ref. 1 was determined by making use of a cranked
Nilsson Hamiltonian including standard Strutinsky shell
corrections. To the extent that the resulting function

@(p,y) provides an accurate description of the micro-
scopic calculations, one is confronted with a situation
similar to that discussed, e.g. , in Refs. 4 and 5. In keep-
ing with these references, we carry out the averaging (4)
numerically over the (p, y) plane. We also show in Fig.
1 the value pn of the deformation parameter at the
minimum of the potential-energy surface for each tem-
perature. ' The effect of the fluctuations is apparent and,
as previously shown elsewhere washes out the first-order
phase transition predicted at T = 1.7 MeV. In this con-
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FIG. 1. The average value [Eq. (5)l of the deformation pa-
rameters P and y and standard deviations AP and hy for '66Er

as a function of temperature at zero rotational frequency. The
continuous line in (a) represents the equilibrium values po ex-
tracted from the phase diagram of Ref. 1. The circles and er-
ror bars are results based on Eqs. (4) and (5) of the present
calculation. The quantity T, is the critical temperature for the
first-order transition according to Ref. 1.

FIG. 2. Strength functions associated with the GDR in

Er as a function of the excitation energy and of the rotation-
al frequency. The results displayed with a continuous curve
were calculated making use of Eq. (6), while those displayed
with a dashed curve do not contain fluctuations [Eq. (7)], and
correspond to the strength functions associated with the equi-
librium values (Po, yo) predicted in Ref. 1. An averaging pa-
rameter I =0.5 MeV has been used throughout.

text, note the large values of the standard deviations,
hp =(p —

p )'i and Ay=(y —
y )'i, also displayed in

Fig. l. Similar results have been found in Ref. 6.
The giant dipole resonance (GDR) couples directly to

the quadrupole deformation of the nuclear surface lead-

ing to a breaking of the dipole strength in three com-
ponents according to

~ —aip

l/2
5

pcos y-
4z

27K
x =1,2, 3,

S =Sop.~ d. f (P, y)F„(P,y), (6)

where h. rod;r = 80/A ' ' MeV. Consequently, the study
of the dipole strength function in the y decay of hot nu-
clei is expected to provide detailed information on the
quadrupole order parameters as a function of tempera-
ture and angular momentum. 'o '

In an axially symmetric —either prolate or oblate—nucleus, the dipole is split into two components. In
the former case, the low-frequency component arises
from oscillations along the major axis of the nucleus that
coincides with the symmetry axis. The high component
is built out of oscillations along a plane perpendicular to
the symmetry axis.

In Fig. 2, we display the averaged strength function

S =sop„r I [E —6~„(po, yo)] '+ r'/4] (7)

associated with the equilibrium values po and yo of the
deformation parameters. ' The effects of fluctuations
are, as expected from the previous results, very impor-
tant at all temperatures, and can totally mask the value
of the deformation parameters at the minimum of the po-
tential. '

The y decay of the compound nucleus '6sEr has been
carried out at a variety of temperatures and angular mo-
menta. ' ' The main conclusion reached by Gosset er
al. ' is that the shape of the GDR strength function
based on the compound state of ' Er with T=1.2 MeV
and I-15t't (ro-0.2 MeV) is quite similar to that based
on the ground state.

To check this result, we have calculated the GDR
strength function at T=co=0, taking now into account
the quantal fluctuations associated with the p, y degrees
of freedom. For this purpose we have calculated the
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where

F,(P, y) =r.f(E —hr0, (P, y)] +I „/4}

as a function of the excitation energy and the rotational
frequency of the compounds nucleus ' Er'. A common
value of the widths I „(=I ) has been used. Also plotted
in Fig. 2 is the dipole strength function
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TABLE I. Comparison between the parameters reported in
Refs. 14 (cf. Table I) and 19, determined from a fitting of the
data (Exp.) with a static deformed nucleus, and those obtained
in the present paper (Th. ) including fluctuations. The labels h
and t indicate high and low (peak).
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FIG. 3. The experimental results at (a) T 0 and (b) T~O
were taken from Refs. 14 and 19, and are displayed as a
dashed curve. The full line in (a) gives the results of the
present calculation for the ground state of ' Er. The full line
in (b) gives the results of the present calculation for the same
nucleus and for TAO (cf. Ref. 20) and cu=0.2 MeV, which

corresponds to an angular momentum I=15k. The rotational
frequency co and angular momentum I are related according to
Ref. 1.

ground-state wave function 00(p, y) of the Bohr Hamil-
tonian'

H =Tp „+[@(p,y)] T =0 =p,

where

a, a
2D p4 ap ap

+ 1
sin3y

p sin3y t)y

are the kinetic-energy terms associated with the p and y
degrees of freedom. The quantity D is the inertial pa-
rameter which, for simplicity, will be assumed to be con-
stant. The results that we are going to present hardly
depend on the actual value of D, which we have set equal
to (126 MeV ') h . '

The calculation of the photoabsorption cross section of
'66Er based on the ground state and the taking into ac-
count of quantal fluctuations was carried out with Eq.
(6), substituting p(p, y) by 1@p(p,y)1, F,(p, y) by
Lorentzian functions, and dr by dry [cf. Eq. (6-282) of
Ref. 16]. The widths I, were adjusted to fit the data.
Following Carlos et al. ' (cf. also Ref. 5) we have used

the parametrization

r.=rp(hru„) ",
where I p =0.026, extracted from a systematic analysis of
photoabsorption cross sections of giant resonances at
zero temperature. The results are shown in Fig. 3(a) in

comparison '4 with the experimental data.
Because of the overall agreement obtained, one feels

confident to proceed to the calculation of the finite-
temperature cross sections. The results, which reproduce
the main findings (cf., however, Ref. 20), are shown in

Fig. 3(b) in comparison with the data. In this case the
best fit was obtained by I p =0.028.

In Table I we collect the quantal (T =0) and thermo-
dynamic (T&0) average values of the parameters I „and
hru, as well as the corresponding standard deviations, as-
sociated with the three Lorentzian functions contributing
to the photoabsorption cross section. Also given are the
empirical values of the parameters obtained with the as-
sumption of static deformations. ' ' Although the re-
sults of the two analyses display overall compatibility,
fluctuations can change the values of the different quan-
tities by up to 20%. The reason for this visible, but mod-
est effect is that, in strongly deformed nuclei, fluctua-
tions mix with similar weight both smaller and larger de-
formations; larger effects are expected both at higher
temperatures and in the case of nuclei that are spherical
in their ground state (cf. Ref. 5).

We conclude that surface fluctuations play a central
role in the changes of shapes that the nucleus undergoes
under the influence of temperature and spin, and that
they influence profoundly the structural modifications as-
sociated with nuclear shape phase transitions. In fact, it
is likely that the study of nuclear structure at finite tem-
perature and spins gives a unique opportunity to study
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fluctuations in finite systems.
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