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A macroscopic approach to giant dipole resonances (GDR's) in hot rotating nuclei is presented. It is
based on the Landau theory of nuclear shape transitions and provides a unified description of thermal
fluctuations in all quadrupole shape degrees of freedom. With all parameters fixed by the zero-
temperature nuclear properties the theory shows a very good agreement with existing GDR measure-
ments in hot nuclei. The sensitivity of the GDR peak to the shape of hot nuclei is critically examined.
Low-temperature experimental results in Er show clear evidence for changes in the nuclear energy sur-
face, while higher-temperature results are dominated by the fluctuations.
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Experimental information on the shapes of highly ex-
cited rotating nuclei is presently becoming available
through studies' of spectra of giant dipole resonances
(GDR's) built on nuclear excited states. Theoretically,
the Landau theory of shape transitions was recently pro-
posed, ' and it predicts a universal pattern of the mean-
field shape evolution as a function of temperature and

angular momentum. Shape fluctuations around mean-
field values are not negligible in finite nuclear systems.
They were considered in Ref. 6. Their effects on the
GDR cross sections were first investigated in Ref. 7 in

the context of a particular microscopic model. The Lan-
dau theory offers a very general framework to include
the thermal fluctuations of nuclear shapes since it pre-
dicts the general dependence of the nuclear free-energy
surface F(T, tsar, a2„) on all five quadrupole deformation
parameters a2„ for relevant values of the temperature T

and the rotational velocity co.

In this Letter we present a macroscopic approach to
the GDR in hot nuclei in which the quadrupole shape
parameters play the role of the macroscopic degrees of
freedom. Based on the Landau theory, this approach
offers a unified description of fluctuations in all quadru-
pole shape degrees of freedom. This of course means
that the fluctuations of the nuclear orientation relative to
the axis of rotation are also included. We use our ap-
proach to address the two important questions: (i) Is the
theory able to describe the observed GDR systematics?
(ii) How sensitive is the GDR as a probe of the nuclear
shape at finite temperature? Below we summarize the
main results of the approach; for details see Ref. 8.

We start with the expression for the cross section for
the absorption of E 1 quanta of energy e by an equili-
brated nucleus of energy E and spin J,

((f )D„(t,J,~) )
2b(E —E;)s(E' —Ef),3hc p E,J

where E'=E+ e. In (1) the sum over initial states is re-
stricted to states of spin J and p is the density of states.
Equation (I) can be expressed as

dt '"'"g(D "(t)D (0)) .,g2 Q —oo p p E~J

where D„(t) is the dipole operator in the Heisenberg rep-
resentation and the average is over the initial micro-
canonical ensemble, i.e.,

(B)E J=—Tr[8(E —H)PJBl/Tr [h(E —H)PJ],
where PJ is the projection onto spin J.

We next replace the microcanonical averaging in

(D„(t)D„(0)) with given E and J by a canonical one
with the corresponding temperature T and angular veloc-

ity co. This is a common approximation and is discussed,
e.g. , in Ref. 5. In the absence of rotation (co =0), the di-
pole correlation tensor is diagonal in the principal frame
and is assumed to be characterized by a natural frequen-
cy E; =E; and decay width I; along the ith semiaxis.
The corresponding contribution to the photoabsorption
cross section in (2) is then proportional to a Lorentzian

ft(e) =
(e2 E2)2+I 2e2

(3)

The resonance parameters E; and I; depend on the
deformation in a way specified in Eq. (8) below. In the
rotating case (toe0) the Coriolis force shifts the normal
frequencies from E; to co-dependent E;(m) and makes
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the correlation tensor nondiagonal in the intrinsic frame. To calculate E;(ru) we assume harmonic vibrations of the di-
pole in the intrinsic principal frame rotating with angular velocity co and thus solve for the normal modes of
g;E; D;tD; —m. J in this frame. In the normal mode variables the dipole correlation tensor is assutned to be diagonal
and characterized by equal strengths. Transforming the dipole correlation function from the intrinsic to the laboratory
frame one finds the following expression for the photoabsorption cross section of a nucleus with fixed a2„, i.e., fixed de-
formation P and y and fixed orientation whose Euler angles are 0 = (y, e, &):

cr(e;p, y, t1) = p [Sy fi(e)+Sj~ f)(e+hro)+S&+ fl(& —t'tro)].
j=1

(4)

0'( E",T, ro ) =„D[a2„]P [a2 l a( e;P, y, f1 ) .

Here

(s)

D[a2„]=+da2 =P isin3yidPdydQ (6)

is the unitary invariant measure and P la2„] is the proba-
bility to find the nucleus in a "state" of deformation
a2 . The averaging technique in (5) is justified when

the macroscopic quadrupole shape variables are slow,
i.e., in the so-called adiabatic approximation. Treating
the latter as classical variables we have in the thermo-
dynamical fluctuation theory of Einstein ' and Callen "

P [a2„]=Z '
exp[ F(T, ru, a2„—)/T],

(7)

Here SJ ' — are the resonance strengths (in units of the
classical sum rule). These strengths depend on F.;o and
m and are given elsewhere.

In the mean-field approximation the P, y, and 0 to be
used in (4) should be found from the minimization of the
free-energy surface F(T,m, a2„). In order to account for
the thermal fluctuations away from the mean-field values
we average (4) over all possible a2„,

n. (a)

Ol

T = 1.30MeV
'. . (d = 0.20MeV

Er

I I I I I I I & I

T = 1.50MeV
''. ~ ~ 0.25MeV

168
Er

CllO—

tive quadrupole plus giant dipole Hamiltonian ' spread
according to the width model (8) above.

The free-energy surfaces F were constructed with use
of a standard Nilsson Hamiltonian with a cranking tertn
and a Strutinsky renormalization. The cranking calcula-
tions were performed only for ro parallel to a principal
axis, and the free energy for a general orientation 0 was
determined from the Landau expansion.

The simple theory presented above provides a very
good description of the available data. Examples of this
are presented in Fig. 1 in a direct comparison of calcu-
lated GDR strengths with experimental results for ' Er
and '6 Er at various temperatures and spins. The reso-
nance parameters obtained from the ground-state GDR
cross section of ' Er were Ep=14.4 MeV, I p=3.64
MeV, and b 1.6. The same parameters were also used
for ' Er where the ground-state data do not exist. We

Z(T, ro) =„D[a2„]exp( F/T) . —

Expression (5) takes into account fluctuations not only
in the intrinsic shape parameters P, y but also in the
orientation 0 of the intrinsic shape with respect to the
rotation axis. This was commonly neglected in the past. '

We have adopted the following expressions for the res-
onance parameters in Eq. (3):

b ~ - (c)
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(8)

The first relationship follows from the nuclear hydro-
dynamics model. ' The second is consistent with the ex-
perimental dependence of the ground-state GDR widths
on deformation in heavy nuclei. ' lt can also be derived
via one-body dissipation theory for an arbitrary triaxial
deformation (where 8=1.6). The three parameters, Eo,
I p, and 8 were assumed temperature independent. They
were fixed for each nucleus from its zero-temperature
properties, i.e., by comparing the experimental ground-
state GDR cross section to that predicted by the collec-

FIG. 1. Comparison of the calculated photoabsorption GDR
cross sections (dashed lines) with the results of CASCADE code
fits to the experimental ones (solid lines). (a) ' Er at T=1.30
MeV, ro 0.20 MeV (corresponding to an excitation energy
E„=49.2 MeV in Ref. 2). (b) '66Er at T =1.50 MeV,
ro =0.25 MeV (E =61.5 MeV in Ref. 3). (c) ' Er at
T=1.20 MeV, co=0.20 MeV (E„=43.2 MeV in Ref. 2). (d)
'6cEr at T=1.60 MeV, ro =0.55 MeV (E =90.3 MeV in Ref.
4). The dotted lines represent the calculated GDR with the
pdpdy metric (Ref. 7). The other lines in (c) are as in Fig. 2.
Note that the error bars plotted in (a) and (c) are only sugges-
tive of the accuracy of the experimental measurements and do
not represent the actual data.
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TABLE I. Comparison of two-Lorentzian fits to ' Er cross sections at T =1.3 MeV, co =0.2
MeV.

Ei (MeV) I 1 (MeV) SI E2 (MeV) I q (MeV) S2

Experiment' 12.15+ 0.09 3.69+ 0.23 0.43+ 0.07 15.77 ~ 0.17 5.75 ~ 0.71 0.74 ~ 0.11
Theory 12.25 3.57 0.38 15.56 5.54 0.67

'Reference 2.

see from Fig. 1 that the agreement between the experi-
mental CASCADE fits of the photoabsorption cross section
(solid lines) and our theoretical calculation (dashed
lines) is remarkable considering that there are essentially
no free parameters in the theory. A two-component
Lorentzian fit to the theoretically calculated GDR
(Table I) agrees well with the CASCADE fit—especially
when the systematic uncertainty (-20%) in the experi-
mental strength is considered.

The dotted lines in Fig. 1 show the GDR calculated
when the metric pdpdy of Ref. 7 is used instead of (6)
but with the same resonance parameters Eo, I o, and B.
If other parameters are used one may fit with this metric
the low-temperature (T-1 MeV) but not the higher-
temperature measurements. Thus the experimental re-
sults suggest that the metric (6) (which follows the
"unified" approach) should be used.

Having established the ability of our theory to provide
a quantitative account for the experimental situation we
wish to address the second question posed at the begin-
ning of this article, i.e., how sensitive is the GDR as a
probe of the shape of hot nuclei. In Fig. 2 we show the
systematics of the calculated GDR cross sections for

Er at several temperatures and angular velocities. At

T 1 MeV and low ro (0 and 0.35 MeV) the nucleus has
a prolate equilibrium shape with relatively small shape
fluctuations and the cross section clearly shows the split-

ting of the two modes of vibration. At higher tempera-
tures (T) 2 MeV) or at higher ro's the nucleus becomes
oblate. However, the fluctuations are large and favor tri-
axial shapes which result in an asymptotic line shape
with a long high-energy tail.

The increase of the thermal fluctuations with increas-
ing T is due to two factors in our theory: the explicit ap-
pearance of T in the denominator of the exponent in (7)
and the T dependence of the free-energy surface F(T,
tu, a2„) there. It is the last factor which is associated
with the shape changes caused by heating and rotating a
deformed nucleus. In order to see the sensitivity of the
GDR results to these changes, we show in Fig. 2 the re-
sults of the calculations with "wrong" surfaces F substi-
tuted in (7); the T 0 (the "dot-dot-dashed-dashed"
lines) and the T 3 MeV (the "dot-dot-dot-dashed"
lines) surfaces. At T =1 MeV and ro =0 these cross sec-
tions are significantly different from the one calculated
with the "correct" surface. At T ~2 MeV the GDR be-
comes less sensitive to surface variations especially at
higher co.

u= iQ, MeV ur = 0.35MIV 0.70MIV
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FIG. 2. Calculated '66Er GDR cross sections at various temperatures and angular velocities (solid lines). The dot-dot-dashed-
dashed lines represent the result of the use of the T 0 MeV free-energy surface and the dot-dot-dot-dashed lines represent the use
of the T =3 MeV surface (see text).
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at half maximum (FWHM) as contour lines in the T co-

(or T-J) plane for ' Er (a typical deformed nucleus)
and for ' Ce (a typical spherical nucleus). The latter
nucleus shows a more dramatic change with tempera-
ture: Its width at T =2 MeV is about twice that at T =0
MeV (in accord with experiment'). This occurs because
its free-energy surface "softens" as T rises from 0 to 2
MeV and because as a spherical nucleus it has only a
single Lorentzian component at T =0. Erbium has a de-
formed ground state and its FWHM changes more slow-

ly for T~2 MeV. However, near the phase transition
line of ' Er the width increases more rapidly than else-
where (from 8 to 8.5 MeV). This phenomenon may be
detectable as the resolution of current experiments im-

proves in the future.
Another interesting phenomenon is that for both nu-

clei the widths increase much more slowly at tempera-
tures above 3 MeV. This is associated with the disap-
pearance of shell effects at this temperature region. It
will be interesting to see if this effect is observed experi-
mentally.
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FIG. 3. FWHM contour lines (MeV) in the T-et (or T-J)
plane of GDR for ' Er (top) and ' Ce (bottom). The shape
transition line is shown dashed in the upper figure.

For ' Er at T 1.2 MeV and to=0.2 MeV we also
show in Fig. I the GDR cross sections obtained by using
the "wrong" surfaces at T =0 and 3 MeV (as in Fig. 2).
The experimental results clearly indicate that at T 1.2
MeV ' Er, though still prolate, has a softer energy sur-
face than at T 0. Our theoretical calculations indi-
cate that between cases 1(c) and 1(d) in the figure ' Er
should make a transition to an oblate shape. However,
at T=1.6 MeV and at 0.55 MeV the GDR becomes
much less sensitive to variations in the energy surface.
Within the present experimental accuracy, the GDR
data are consistent with both the T=1.2 and 1.6 MeV
surfaces (when used with the correct temperature of 1.6
MeV). From the results of Fig. 1 we observe that the
decrease in the GDR sensitivity is smaller when only T
increases than when both T and co increase [as is the
case in Fig. 1(d)]. Thus one may be able to learn more
about the predicted shape changes by measuring case
l(d) at co 0.2 MeV.

In Fig. 3 we have plotted the cross sections' full width
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