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Increase in Width of the Giant Dipole Resonance in Hot Nuclei: Shape Change
or Collisional Damping' ?
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The strength function and the angular distribution of the high energy y rays emitted by the giant
dipole resonance (GDR) in hot rotating 'O9"OSn nuclei have been measured at temperature T = 1.8 MeV
and at four values of the angular momentum I. The GDR width is =2 times larger than at T = 0 and
increases by =20% as I goes from 40 to 54h. The a2(E~) increases by a factor of =2. Based on
these two facts and on the comparison with theory we conclude that large deformations driven by I and
combined with shape and orientation fluctuations are responsible for the measured increases. Collisional
damping is constant and practically equal to the T = 0 case.

PACS numbers: 24.30.Cz, 23.20.Lv, 25.70.Gh, 27.60.+j

A central issue in the understanding of the width of
the giant dipole resonance (GDR) in atomic nuclei at
finite temperature is to separate the contributions from the
different damping mechanisms so that their dependence
on temperature and on rotational frequency can be studied.

The spreading of the strength of giant resonances is
mainly due to two mechanisms. The first is the mixing of
the correlated one particle one hole state with more com-
plicated states lying at the same excitation energy. This is
the collisional damping which is connected with the cou-
pling of the giant vibrational modes to the small ampli-
tude quantal fluctuations of the nuclear surface. Various
predictions of the collisional damping width I ~ exist. In
Ref. [1], making use of the Vlasov equation, an increase
of the width with temperature for Sn and Pb has been pre-
dicted. In Ref. [2], using the time dependent density ma-
trix method, it has been found that the width of the GDR
and of the giant quadrupole resonance (GQR) in ' 0 and
in Ca is independent of temperature. This result is also
found in Ref. [3] using the surface coupling model applied
to the GDR in Zr and Pb. The additional coupling
of the GDR to the fully mixed states describing the com-
pound nucleus has also been found to be independent of
temperature [4].

The second important mechanism at work in the break-
ing of the strength of the GDR is the coupling of the vibra-
tion to large amplitude Iluctuations (shape Iluctuations) of
the nuclear surface that are induced by temperature. At fi-
nite temperature and rotational frequency the nucleus can
be viewed as an ensemble of shapes with a distribution
controlled by the Boltzmann factor [5,6]. An averaging
of the GDR vibrations over the distribution of shapes is
therefore necessary to predict the GDR width. This en-
semble of shapes, at the temperature at which shell effects
have vanished, depends strongly on the angular momen-
tum, since the Coriolis and centrifugal forces make the

nucleus deform as an oblate liquid drop. While angular
momentum induces large oblate equilibrium deformations,
thermal fluctuations make the GDR sample large deforma-
tions far away from the equilibrium shape [7]. As a con-
sequence, the GDR width, I GDR, should increase.

In spite of the existence of a large body of sys-
tematics extending up to very high excitation energies
(=550 MeV) concerning the width of the GDR in the
mass region A = 110 [8—14], the effects of the two damp-
ing mechanisms have never been clearly separated ex-
perimentally. The width increase observed in this mass
region has been deduced from measurements of the high
energy y spectra associated to the entire spin distributions
of the compound nucleus, distributions that were different
for the variety of the reactions used. Consequently, the
existing data contain both angular momentum and exci-
tation energy contributions, although angular momentum
effects were suggested to play a major role [14].

In the present Letter we report on measurements of the
spectra and of the angular distribution of the high energy

y rays emitted in the decay of the giant dipole resonance
from hot and rotating ' "Sn nuclei at T = 1.8 MeV and
defined to four narrow intervals of the angular momentum
of the compound nucleus. The purpose of the experiments
has been to investigate in detail the infiuence of angular
momentum on the measured width of the GDR in hot
rotating nuclei. We show for the first time that the
combined analysis of the strength function and of the
aq(E~) coefficient of the angular distribution make it
possible to extract information on the damping mechanism,
namely on the collisional damping and on the shape
effects induced by angular momentum and by thermal
fluctuations.

The importance of a simultaneous study of the GDR
line shape and aq(E~) is illustrated in Fig. I. A broad-
ening of the GDR width I ~DR can be due either to an

3748 0031-9007/95/74(19)/3748(4)$06. 00 1995 The American Physical Society



VOLUME 74, NUMBER 19 PHYSICAL REVIEW LETTERS 8 MAY 1995

I

Call. Damping

& 0.8
Cd

W p4
b

0.1—

0.0

—0.1

0.0
1.2

0 2 - Def. +FluCt.

. 0.8

Cd

~Q

b

5 10 15 20 25 30
Energy (MeV)

0.1-

0.0
h?
Cd —0.1

—0.2-
5 10 15 20 25 80

y Energy (MeV)

FIG. 1. Strength function (left) and a2(E~) (right) calculated
with the adiabatic thermal fluctuation model at T = 2 MeV.
The calculations in the top part use the intrinsic width (see
text) I 0 = 5 MeV (full drawn lines) and I'o = 6 MeV (dot-

~ l

dashed lines) and the same rotational frequency ~ = 1.0 MeV.
The calculations in the bottom part both use I 0 = 5 MeV and
co = 1.0 MeV (full drawn lines) and ~ = 1.25 MeV (dashed
lines). Note that the FWHM (dashed lines) is the same.

increase of the collisional damping width or to an increase
of the size of the nuclear deformation. In this example
we have considered an increase in I ~DR of 1 MeV. If
that increase is due to an increase of the collisional damp-
ing width (dot-dashed curve in the top row of Fig. 1) the
associated aq(E~) is almost unchanged. If, on the con-
trary, I t-„DR increases because the deformation to which
the GDR couples is larger, the absolute value of the as-
sociated aq(E~) increases (calculations shown with the
dashed lines in the bottom row of Fig. 1). The strength
function and the aq(E~) were calculated with the ther-
mal Iluctuation model of shape and orientation [5,6] in
the adiabatic limit. In this procedure the averaging over
the shape distributions is made in terms of the Boltz-
mann factors exp[ —F(T, ai, P, y)/T] (F is the free en-
ergy, T the temperature, ~ the rotational frequency, and
p, y the quadrupole deformation parameters). The cen-
troids of the GDR components are given by the Hill-
%heeler parametrization and their widths scaled by I ~ =
I o(EoDR/Eo) using Eo = 15.5 MeV, 6 = 1.9. The width
increase of the GDR strength function was obtained, in
the top part, by increasing the collisional damping width

by changing the value of I p from 5 to 6 MeV, while in
the bottom case by increasing cu, since at T = 2 MeV
shell effects have vanished and consequently faster rota-
tions induce larger deformations.

The hot and rotating ' ' 'p Sn nuclei were formed in the
fusion reactions 4 Ti + 6 6'Ni at beam energies 223 and
203 MeV. The beams were produced by the tandem +
booster accelerators of the Tandem Laboratory of the Niels
Bohr Institute. Target thicknesses were 1 mg/cm . High
and low energy y rays were detected with the HECTOR

array [15]. The latter consists of 8 large volume BaF2
crystals positioned at different angles (~60, +.90, ~ 120',
and ~160 ) and 38 smaller BaF2 used as multiplicity filters.
Neutron and y separation was obtained by measuring time
of Aights from the target. Gain shifts were monitored to
better than 0.2% with a light-emitting diode system. The
energy calibration was done with the 15.1 MeV y rays
from the D(''B, ny)' C' reaction.

The response function of the multiplicity filter was
determined as in Ref. [16]. An absolute efficiency of
70% was measured for the 1.172 MeV line from a Co
source. The electronic threshold of the detectors was set
at -250 keV. The measured cross talk between two el-
ements was 12%. The conversion between the measured
coincidence fold F~ (the number of measured coincident
y rays of low energy in one event) and the multiplicity
M~ (the number of y rays emitted in the reactions) was
established, making use of the measured response matrix
S(M~, F~) and assuming that the multiplicity distribution
following the fusion reaction is given by f(M~) = M~/
(I + exp[(M& Mp)/a]j. The maximum of the multi-
plicity Mp and the diffuseness a were obtained as the
best fitting values to the expressions g S(M~, F~)f(M~) =
f„~(F~) where f„~(F~) is the measured multiplicity spec-
trum in the region F~ ~ 9. The multiplicity distribution
associated to each fold is P(M~) = S(M~, F~)f(Mr), with
Mp = 23 and a = 2 as it results from the fit.

The conversion from M~ to I was done assuming I =
2M~ + K. In this expression K = 6 takes into account
the angular momentum removed by statistical y rays,
particle emission, and by the y rays below the trigger
threshold.

The total spectra of '' ' Sn associated with the en-
tire distribution of folds larger than 9 are shown in
Fig. 2. These spectra were obtained rejecting the very
high energy region of the sum energy spectrum mea-
sured with the multiplicity filter. In this way it was pos-
sible to eliminate background from cosmic rays. The
full drawn lines are best fit statistical model calculations,
using the code cAscADE [17], made for excitation en-
ergies F.* = 80 for ' Sn and 92 MeV for '' Sn. They
correspond to I gDR = 11.8 ~ 0.6 and E~DR = 14.9
0.5 MeV for " Sn and I &DR

——11.4 ~ 0.6 and E&DR ——

15.7 ~ 0.5 MeV for ' Sn. The two values of the cen-
troid differ more than the expected value of 1%. The
dipole strength was assumed to exhaust 100% of the en-
ergy weighted sum rule (EWSR). The level density pa-
rameter a was A/8 in accord with most previous analyses
in this F.' region.

The high energy y-ray data have been also sorted gat-
ing on different F~. The values of initial T, of the average
T and I, and of the I.WHM of the I distributions are listed
in Table I with the GDR parameters.

The measured y-ray spectra associated with the se-
lected I intervals were also fitted in the GDR region with
statistical model calculations. The centroid and the width
values were obtained from the best fit to the data using
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associated a2(E~). However, since deformation affects
the total GDR width, a fit with one Lorentzian does not
necessarily imply a spherical nucleus, as one can see from
the measured a2(E~) that are different than zero.

The measurements of the aq(E~) are shown in the right
part of Fig. 3. The a2(E~) distributions were obtained by
fitting the spectra measured at different angles to the func-
tion N(E~, 0) = Np(E&) [1 + a2(E~)Pq(cOsO)], where P2 X
(costi) is the Legendre polynomial in the polar angle 0 be-
tween the y ray and the beam direction. The spectra at the
different angles have been normalized at F~ = 6—7 MeV.

This measurement of dependence of the GDR width on
angular momentum at rather fixed temperature (T = 1.6—
2.0 MeV) shows that by changing I from 406 to 55Ii
the width increases by =2 MeV. This result confirms

FIG. 2. Experimental spectra for " Sn* at F* = 92 MeV
(top) and 'P9Sn* at E* = 80 MeV (bottom) associated to
coincidence folds F~ ) 9 ((I) = 456 and FWHMI = 246.)
The full drawn lines are best fit statistical model calculations
with E'~DR = 14.9 MeV, I GDR = 11.7 MeV for " Sn and to
&GDR = 15.7 MeV, I gDR = 11.4 MeV for ' Sn.

a y minimization procedure. Because of the exponen-
tial nature of the spectra the g2 of this fit is dominated
by the low energy part and is relatively insensitive to the
GDR region; consequently, the best fitting GDR parame-
ters were chosen to be those minimizing the g2 divided by
the number of counts. For the fusion cross section as a
function of I, the measured distributions were used. The
error of the GDR parameters reported in Table I include
the statistical error and the uncertainties related to the spin
assignment and to the excitation energy.

The data associated to restricted regions of I are
shown together with the statistical model calculations in
Fig. 3 (left column). In order to display spectra on a
linear scale to emphasize the GDR region the quantity
F(E~)Y~ (E~)/Y" (E~) was plotted. Yy (E~) is the
experimental spectrum and Y"(E~) the best fit calculated
spectrum, corresponding to the single Lorentzian function
F(E~). For the data at high I a fit with two Lorentzians
was made but we could not infer unambiguously the type
of deformation (oblate or prolate) and thus compute the
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TABLE I. The results of the statistical model analysis of the
spectra of the nuclei given in the first column. The initial tem-
perature T, the average T (both in MeV), and angular momen-
tum I (in 6) are given in columns 2, 3, and 4. The values of the
centroid and of the width of the best fit statistical model calcula-
tions are listed in columns 5 and 6 (both in MeV). The errors in
these data are 0.500 and 0.600 MeV, respectively. The FWHM
(in R) of the I distributions are in column 7. The FWHM of the
T distribution is 0.3 MeV (+0.1 MeV, —0.2 MeV). The nota-
tion (a), (b), (c), and (d) is used in Fig. 3.
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FIG. 3. Measured strength functions and a&(E~) for four
different angular momenta. In the left part of the figure the
quantity F(E~)Y& (E~)/Y" (E~) (see text) is plotted. The full
drawn lines correspond to the best fitting single component
Lorentzian functions. The values of the measured GDR
parameters are in Table I. The dashed lines are calculations
with the model of thermal fluctuations of shape and orientation
in the adiabatic limit. The dot-dashed lines include only shape
fluctuations.
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previous indications that angular momentum effects are
to a very large extent responsible for the observed width
increase. The magnitude of the measured a2(E~) also
increases with angular momentum in a more pronounced
way. To understand this stronger effect in the a2(E~)
it is important to recall that, contrary to the strength
function, the angular distribution depends also on the
nuclear orientation and on its fluctuations, which are
expected to decrease as angular momentum increases.

Based on the discussion made in connection with
Fig. 1, this combined measurement of the two GDR
observables indicates that the collisional damping width
I i does not change and that the measured increase of the
GDR width I GDR is mainly caused by the coupling of the
dipole vibration to deformations that are largest at higher
angular momenta.

To make this discussion more quantitative we compare
the data to predictions obtained with the model of thermal
fluctuations of shape and orientation in the adiabatic limit.
The calculations were made for the ensembles of (T, tu)
values corresponding to the (E*,I) regions relevant for the
present cases. I 0 was chosen equal to 5 MeV. Two sets of
calculations were made, one including only shape fluctua-
tions and the other both shape and orientation fluctua-
tions (dot-dashed and dashed lines in Fig. 3, respectively).
While the two sets coincide in the case of the strength func-
tion (which does not depend on orientation), they are dif-
ferent in the case of the a2(E~), although the difference
does not vary appreciably in the considered I interval. The
calculated strength functions, normalized to the data (in
a.u. ) in the centroid region, are slightly narrower than the
measured ones, although the relative increase with angu-
lar momentum is reasonably well reproduced. In contrast,
the increase of the magnitude of the a2(E~) is not very
well predicted by the calculations including shape and ori-
entation fluctuations and the data associated to the high-
est spin are better reproduced by calculations including
only shape fluctuations, suggesting that either the fluctu-
ations in orientation are overestimated at high angular mo-
menta or the collisional damping width has a smaller value
than the one used. This last possibility would lead to a
smaller GDR width and, therefore, would be in disagree-
ment with the spectra. Consequently, a sensible conclu-
sion is that there is more averaging in the adiabatic model
than necessary at high rotational frequency and that per-
haps non-Lorentzian strength functions could improve the
agreement with the spectra in the low energy region (8—
10 MeV). This last idea is supported by recent calcula-
tions of collisional damping of the GDR in Sn leading to
a strength function that is not Lorentzian and with some
extra strength at low energies [18].

In summary, the strength function and the angular dis-
tribution of the y rays from the GDR damping were mea-
sured for '' ' Sn at T = 1.8 MeV and at four values of J.
A width increase of the order of 2 MeV was found in the

angular momentum interval 40—55h. In the same interval
the absolute value of the a2(E~) also increases. These two
facts demonstrate that the width increase is mainly due to
the effect of larger deformations induced by angular mo-
mentum and that the collisional damping width does not
change significantly. The comparison with calculations
including thermal fluctuations supports this idea but also
suggests reduced orientation fluctuations at high angular
momenta. It would be interesting to perform such exclu-
sive measurements of the two GDR observables also at
higher temperatures extending up to the region of very high
excitation energies (E* ~ 300 MeV) where a quenching of
the y emission was found and recently confirmed [19].
This will allow us to map the shapes of very hot nuclei
and provide detailed tests of new models for the damping
of collective excitations in hot and rotating nuclei.
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