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The gamma-ray decay of the giant dipole resonance(GDR) in the compound nucleus216Rn formed with the
reaction18O+198Pt at the bombarding energy of 96 MeV was investigated. High-energy gamma-ray spectra in
coincidence with both prompt and delayed low-energy transitions were measured. The obtained GDR width at
the average temperaturekTl<1 MeV was found to be larger than that atT=0 MeV and to be approximately
constant as a function of spin. The measured width value of 7 MeV is found to be consistent with the
predictions based on calculations of the nuclear shape distribution using the newest approach for the treatment
of the fission barrier within the liquid drop model. The present study is the first investigation of the giant dipole
resonance width from the fusion-evaporation decay channel in this nuclear mass range.
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I. INTRODUCTION

The mechanism of nuclear fission induced by fast rotation
and the nuclear shape evolution on the way to scission is an
interesting and still open question. The giant dipole reso-
nance (GDR) has proven to be sensitive to the average
nuclear shapes at finite temperature and therefore it repre-
sents an adequate tool to study this problem[1–3]. Nuclear
deformations corresponding to the saddle point configura-
tions are often expected to be very large. The related experi-
mental information is particularly interesting as it provides a
sensitive test of both the macroscopic methods of calculating
the total nuclear energy at high temperatures as well as the
microscopic ones taking into account thermal excitations.

The term “fission limit” used throughout this paper ap-
plies by definition to the spin value, sayI f, for which the
fission-barrier penetrability from the static equilibrium defor-
mation equals 50%. Within a model, such a spin can be rela-
tively easily determined in the calculations but much less so
through measurement. In no place in this paper will thepre-
cise valueof such an experimental parameter be needed. Cal-
culation results and their comparison with experiment sug-
gest that in the present contextI f ,40 ", within a few "
inaccuracy.

In order to obtain information about the nuclear shape
evolution along the fission path, it is possible to use at least
two different approaches. One of them consists in studying
the GDR in fissioning nuclei, by measuring the GDR decay
during the fission process. From the high-energyg-ray spec-
tra in coincidence with the fission products, in principle one
may expect to obtain the information about the shape of
fissioning nuclei and thus about their shape evolution along
the fission path. However, the existing data show that this is
not at all an easy task because of the presence in the spectra
of the g rays from the fission products[4,5].

Another approach consists in measuring the GDR decay
in the fusion-evaporation process by selecting very high
spins around the critical spin value at which the fission pro-
cess is beginning to dominate. Such measurements are also
in general very difficult, because one has to select a very
narrow spin window and at the same time to reject the fission
contamination. This can be achieved by tagging either on the
fusion-evaporation products or on theg rays from specific
residual nuclei. So far, investigations of this type have pro-
vided high-energyg-ray spectra through gating on different
residual nuclei(see, e.g., the case of194Hg [6]). However,
they have not allowed for the spin selection in a narrow
region close to the fission limit.

In this paper, we present the results of an experiment on
the GDRg decay associated with high spins around the fis-
sion limit. For this purpose, we choose the fusion-
evaporation reaction18O+198Pt at the bombarding energy of
96 MeV, populating with rather high cross-section residual
nuclei characterized by the presence of long-lived high-spin
isomeric states. The decaying216Rn compound nucleus, se-
lected in the present study, strongly feeds the isomeric states
of I =30 in 212Rn and I =63/2 in 211Rn. In addition, since
only two feeding transitions to these isomeric states were
found [7], one expects that the fission limit in216Rn is below
or around 40". Therefore, the selection of the GDRg decay
in coincidence with delayedg-ray transitions is expected to
probe mainly the compound nuclei which survive fission, yet
with angular momenta close to the fission limit.

It should be noted that the isomer tagging technique used
in the present work has been successfully employed in
lighter-mass nuclei to select the particular areas of the phase
space of the decay, leading to specific nuclear deformations
[8].

In the following, we present the GDR data concerning the
compound216Rn nucleus, and discuss the resulting inclusive
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and exclusive(isomer tagged) spectra. We find it attractive to
perform the investigations in this heavy mass region, in par-
ticular for 216Rn, for which the theory predicts a rather un-
expected shape evolution as a function of angular momen-
tum up to the fission limit, namely almost no evolution at all.
More precisely, this nucleus is predicted to proceed from
small oblate deformations to fissiondirectly, i.e., without
passing through intermediate equilibrium shapes, in contrast
to many other nuclei in which the presence of the high an-
gular momentum induces the superdeformed, intermediate
equilibria at high temperatures and/or the Jacobi-type shape
transition. We find it instructive to test the actual prediction
experimentally.

II. THE EXPERIMENT

The experiment was performed at LNL in Legnaro(Italy)
using a 96 MeV18O beam bombarding a self-supporting tar-
get198Pt (1 mg/cm2 thick). The bombarding energy was cho-
sen to lead to the angular momentum distribution withlmax
<42, which is slightly larger than the critical spin for fission
and therefore allows for a good population of the isomeric
states in 211Rn (T1/2=201 ns, I =63/2−) and 212Rn (T1/2
=154 ns,I =30+) through the intense channels 5n and 4n.
The corresponding excitation energy of the compound216Rn
nucleus isE* =56 MeV. The main residues of the formed
compound nucleus are212,211,210Rn covering 99% of total
evaporation residues. The predicted cross sections for the
population of the212,211,210Rn residual nuclei are shown as
functions of spin in Fig. 1. In the left panels, the total fusion-
evaporation cross section for212,211,210Rn is displayed while
in the right panels the fraction(in percent) of the population
of each residual nucleus is given. All the calculated results
were obtained using the statistical model and the Monte
Carlo technique. The curves in the top panels correspond to
no condition on the high-energy gamma rays required. In
contrast, the curves displayed in the bottom panels are ob-
tained with the additional condition of having in the decay
leading to the residual nuclei a high-energy gamma ray with

Eg.8 MeV. One can see that requiring the presence of a
high-energy gamma ray in the GDR region(as it is done in
the experiment) implies the selection of events correspond-
ing mostly to the212Rn residual nucleus. It is characterized
by high spins(experimentally selected by the isomer decay).
Therefore, on the basis of these results and for the chosen
experimental conditions, we do not expect any sizable back-
ground due to fission events.

In the experiment, the HECTOR array[9] was employed.
High-energyg rays were measured in eight large BaF2 de-
tectors, while the prompt, low-energy transitions were de-
tected in 38 small BaF2 detectors arranged in honeycomb
mode above and below the target location and provided the
sum energy and theg ray fold. In addition, a Mylar foil
s8 mmd with a central hole(6 mm) placed downstream at 40
cm from the target was employed as a catcher to stop the
recoiling residual nuclei. The direct beam and most of the
scattered beam passed trough the central hole in the catcher.
Because of this hole, the stopping efficiency was only about
28%. The chosen distance,40 cm was appropriate for the
lifetime of the isomeric states of interest, namely 201 ns and
154 ns. The delayed gamma radiation of the stopped residues
(deexciting the isomeric states) was measured in a BGO de-
tector. This BGO detector was the standard Compton shield
usually used for Ge detectors. Because of its geometry, the
BGO shield surrounded the beam line around the catcher,
covering a large fraction of the solid angle. In addition, a Ge
detector with its BGO shield was placed near the reaction
chamber at 146° to measure discrete transitions at the target
position. In order to detect the delayed gamma transitions,
the beam was pulsed with 10 ns pulses separated by 400 ns
intervals.

The trigger condition was the logical sum of the following
events:(i) the coincidence of the high-energyg rays with the
multiplicity filter; (ii ) the coincidence of the high-energyg
rays with the multiplicity filter and the BGO detector;(iii )
single Ge detector firing;(iv) the coincidence of the Ge de-
tector with the BGO detector.

III. EXPERIMENTAL RESULTS

In this section we are going to present various aspects of
the experimental analysis and the obtained results, including
the analysis of the time spectra, of the fold distributions as
well as the statistical model analysis, and the corresponding
parametrizations of the GDR curves.

A. Time spectra

In Fig. 2 (top panel), the time spectrum of the gamma
radiation emitted by nuclei stopped in the catcher—with re-
spect to a prompt radiation detected with the multiplicity
filter around the target—is shown. This spectrum has a rather
complicated structure, which results from many different
components of various decays involved. In particular, we
identify in the spectrum the promptg rays from the target,
theg rays produced by the scattered beam in the catcher, and
the g rays emitted by the nuclei with the mass similar to the
target mass stopped in the catcher. The events of interest are

FIG. 1. Calculated cross sections for the population of evapora-
tion residues in212,211,210Rn as functions of spin: with no condition
on g-ray energy(top) and with the gate ong-ray energy in the GDR
region (bottom).
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in the region indicated by the horizontal full arrow, which
corresponds to the time of flight of fusion-evaporation re-
coils s,150 nsd convoluted with the isomeric-decay time
distribution. One can see an excess of counts in this region as
compared to the overall background. This can be seen more
clearly in the inset in Fig. 2, where the region of interest,
after background subtraction, is shown in linear scale. In
order to investigate the quality of the isomeric-decay selec-
tion by using the time gating, in the bottom part of Fig. 2 we
compare two Ge spectra: the one without any conditions and
the other one, gated by the delayedg rays(background sub-
tracted) measured by the BGO around the catcher, with the
time condition as indicated in Fig. 2(top). The spectrum
gated by the delayed radiation shows mainly the lines corre-
sponding to the prompt transitions feeding the isomeric
states(see the inset to Fig. 2, bottom panel). This demon-
strates the sensitivity of our gating condition for selecting
most of the contributions from the decay chains populating
the high-spin isomers. It should also be noted that the ob-

served intensity ratio of 924 and 1117 keV transitions sug-
gests that the transition order should be reversed, compared
to that given in Ref.[7].

Figure 3 shows the high-energy spectra obtained by gat-
ing on “recoils at catcher” and on “background” regions
(these regions are shown in the top panel of Fig. 2). The total
spectrum denoted as “recoils” contains background in addi-
tion to the data corresponding to the isomeric states. The
background was eliminated by subtracting the background
spectrum from the total one after normalization. The differ-
ence is the isomer gated high-energy gamma spectrum used
for analysis with the statistical model(see Sec. III C).

B. Fold distributions

The experimental fold distributions measured in the
present experiment are shown in Fig. 4. Open squares show
the total fold distribution, the full triangles show the fold
distribution gated by the isomeric decay, while the full
circles show the difference between these two spectra. The
latter gives the fold distribution of the total prompt decay
which is compared to the calculated ones(lines) assuming a
particular lmax value, ranging from 33 to 45". The calcula-
tions took into account the multiplicity filter efficiency and
the scattering probability(using the method described in[9]).
We may remark that(a) the value oflmax that gives the best
reproduction of the experimental data corresponds to 39",
the spin-value very close to the predicted fission limit; and
(b) the fold distribution populating the isomeric state agrees
well with the assumption of five transitions(on the average)
above the isomeric state, as suggested by the good reproduc-
tion of the data with the calculated curve. These two remarks
provide additional proof of the good time-gating sensitivity
to select the cascades leading to the isomers.

High-energyg-ray spectra were obtained with the condi-
tions set either on the gamma coincidence-fold or on the time
spectrum, in order to select the delayed radiation emitted and
detected around the catcher foil. The non-isomer gated spec-

FIG. 2. Top panel: Time-of-flight spectrum measured by the
catcher detector around the catcher foil. Regions corresponding to
various processes taking place during the measurement are indi-
cated. The region corresponding to the emission from recoils at the
catcher is shown in detail in the inset; this spectrum is background
subtracted. It corresponds to detection of theg rays from the iso-
meric states in211Rn and212Rn. Bottom panel: Theg-ray spectrum
measured with the Ge detector as obtained without any gate on the
time spectrum(gray histogram) compared to the spectrum gated
with the isomer part of time of flight(black histogram). The gated
spectrum shows an enhancement of the transitions above the iso-
meric states. The inset to this panel shows the parts of the level
schemes of211Rn and 212Rn with transitions above the isomeric
states.

FIG. 3. The spectra of high-energyg rays for three different
conditions: recoils and background corresponding to the gates
shown in Fig. 2 and the difference of these two spectra shown with
filled squares.
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tra are taken for folds.4 only, as the lower fold spectra can
be contaminated by the reactions other than fusion. The iso-
mer gated high-energy spectrum corresponds to the whole
fold region.

C. Statistical model analysis

In this section we present the measured high-energyg-ray
spectra and discuss the comparison with the statistical model
predictions which are needed to extract the GDR parameters.
All calculations were performed by using the Monte Carlo
version of theCASCADE code. In fact, as we will discuss
below, only by using the Monte Carlo technique can one
obtain predictions corresponding to the evaporation chains
leading to the specific residual nuclei.

The first step of the analysis was to obtain the information
about the GDR from the high-energyg-ray spectrum corre-
sponding to the 5–30 range of theg-fold measured by the
multiplicity filter. As discussed in the previous section, in
connection with the multiplicity filter data of Fig. 4, this fold
interval is expected to select the high energyg rays mainly
coming from fusion-evaporation events. This spectrum, de-
noted “total”, is shown in Fig. 5 and compared to the best-fit
statistical-model calculation in which the experimental yrast
line and Reisdorf level density model[10,11] were used.

With this Monte Carlo code we produced 1 million
events, each consisting of a chain including evaporated-
particle type energies and spins as well as theg-ray proper-
ties. This enabled us to sort those events simulating in the
best possible way the experimental conditions of selecting
the spin of the residual nucleus. The spin distribution of the
compound nucleus, given as an input to the code, was de-
duced from the measured low-energyg-ray fold-distribution

adopting the same procedure described in Ref.[9] which is
based on the measured response function of multiplicity fil-
ter. To convert the multiplicity to spin, we applied the em-
pirical relation I =2M −3 which assumes quadrupole
stretched transitions and a correction for the E1 transitions
and angular momentum removed by a decay through particle
emission. This resulted inlmax=39 ", which reproduces very
well the measured fold distribution(see Fig. 4).

The GDR parameters(centroid and width) are deduced
from the chi-square minimization in the region ofg-ray en-
ergy of 8–14 MeV for the isomer gated—and of 8–16 MeV
in the total-data—case. We use two approaches for the pa-
rametrization of the GDR line shape. The first, similar to that
in many previous works, assumes a single Lorentzian func-
tion. In this case, the best fit of the GDR width is 7 MeV. The
second approach takes into account the fact that the dipole
resonance mechanism involves three degrees of freedom
usually interpreted in terms of oscillations in three orthogo-
nal directions, and therefore we parametrize its line shape by
a superposition of 3-Lorentzians(below abbreviated to 3-L).
With this approach, we obtain a better description of the
experimental data with an overall GDR width nearly identi-
cal to that of the single Lorentzian fit. This is illustrated in
the bottom part of Fig. 5, where we compare the data in the
linear form and the best-fitted GDR strength function repre-
sented by the quantityF3LsEgd* Yg

expsEgd /Yg
calsEgd. In that ex-

pression,Yg
expsEgd andYg

calsEgd are the experimental and cal-
culated spectra, respectively. The best-fitting GDR strength

FIG. 4. The experimental coincidence fold-distributions of the
low-energy transitions. The data without any conditions on the
time-of-flight spectrum of Fig. 2 are marked with the squares, while
the triangles correspond to the isomer gated data. The difference of
these two distributions(after normalization in the total counts in the
fold interval 1–4) is shown with the circles. The lines show the
calculated fold distributions, each corresponding to a value oflmax

in the interval 33 to 45". The best fit to the data is forlmax=39 "
(solid line), while the distribution with the averageg-multiplicity,
Mg=5, corresponds to the isomer gated data.

FIG. 5. Top panel: The experimental high-energyg-ray spec-
trum corresponding to the folds 5–30 represented with full dots. The
line is the result of the best-fit statistical-model calculations. Bottom
panel: The data in the linearized form described in the text and the
best-fit GDR line shape(solid line) consisting of the sum of three
Lorentzian functions. The one-Lorentzian function drawn with the
dashed line is compared to the sum(full line) of three Lorentzian
components.
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function, F3LsEgd, consists of a three-component Lorentzian
function with parameters(energy, width, and strength) taken
from the best fit to the experimental spectrum.F3LsEgd and
its individual components are also presented in the figure.

It should be noted that the best-fitF3LsEgd line is a super-
position of three similar Lorentzians positioned atEGDR
=11.2, 13.2, and 15 MeV with the widths ofGGDR=3.5, 4.5,
and 5 MeV, respectively. It has a width of 7 MeV—the result
coinciding with the one obtained when using the single-
Lorentzian approach. The 3-L approach suggests that the
susceptibilities in generating the three orthogonal modes are
different, thus implying the observed differences in the
Lorentzian factors. Our particular result does not give evi-
dence of the triaxiality; we rather conclude that the shapes
involved are not very different from the spherical one, while
in terms of the amplitudes of the oscillations related to the
three modes some differences do appear.

In the next step of the analysis, we interpret the high-
energyg-ray spectra associated with two different spin re-
gions of the compound nucleus. Figure 6 shows two spectra,
the one obtained by gating on the fold 5–8 and the other one
by gating on the fold 9–30. They correspond to 10" wide
regions of angular momentum, with the average spin of 23"
and 29", respectively. The statistical model fits, correspond-
ing to these spin regions, are also displayed in the figure. The
3-L approach, applied here, results in the GDR parameters
(centroids and widths) equal to those obtained from total
spectrum. The fitted single Lorentzian GDR width is also 7
MeV, in both cases studied.

The most interesting high-energyg-ray spectrum is the
one corresponding to the selection of the delayed low-energy
gamma transitions measured around the catcher. In particu-
lar, such a spectrum is obtained by gating on the isomer
related part of the time spectrum, namely that indicated by
the double-end long arrow in Fig. 2, and using as the back-
ground the spectrum gated by the part indicated by the dotted
arrow. The selection on the population of the isomeric states
leads to a high-energyg-ray spectrum with rather poor sta-
tistics, dying out at about the GDR centroid energy.

The isomer gated spectrum is shown in Fig. 7. To see
whether or not its shape is very different from that of the

total spectrum, the isomer gated data are compared to the
best-fit calculation result for the total spectrum(shown with
the thin solid line in Fig. 7). There are also shown results of
the calculations performed for two other extreme GDR width
values, viz., 4 and 11 MeV(dashed and dash-dotted lines,
respectively). One can see that none of them can describe the
experimental data.

Indeed, the isomer gated spectrum has a shape remarkably
different from that of the total spectrum in the whole region
of Eg.6 MeV. In this context it is important to stress that
the isomer-gated spectrum corresponds to a different spin
distribution as compared to the total spectrum and, therefore,
it is related to a different region of the phase space of the
nuclear decay. Consequently, before trying to fit the spectra
by changing the GDR parameters, we have introduced in our
simulation the condition of gating on the isomeric decay.
This was achieved by performing the Monte Carlo calcula-
tions. We used the same parameters as those used in the
analysis of the total spectrum. We selected only the cascades
leading to the nuclei having the average entry spin of 35",
that is, the average of the angular momentum distribution
ranging from 30" to the lmax. This resulted in quite good
overall reproduction of the data. Subsequently, in order to fit
the isomer-gated spectrum, the calculations for different
GDR parameters were made. The best-fit spectrum shown
with the thick full line in Fig. 7 was obtained for the GDR
width G=7.3±1 MeV usingx2 minimization. It indicates
that the GDR width at these very high spins does not differ

FIG. 6. The experimental spectra(points) corresponding to the
selected low-and high-fold regions, and the best-fit Monte Carlo
cascade calculations(lines) performed with a value of the GDR
width of 7 MeV.

FIG. 7. The experimental high-energy spectrum gated by the
isomer decay is shown with the full circles. Four statistical model
Monte Carlo calculations are shown with lines. The calculation us-
ing the fold interval 5-30 and GDR width of 7 MeV, which corre-
sponds to the best-fit curve of Fig. 5, is displayed as the thin solid
line. The calculations corresponding to GDR widths of 4 and 11
MeV are shown with the dashed and dash-dotted lines, respectively.
The fit to the isomer gated spectrum obtained forG=7.3±1 MeV
and assuming only the high-spin regionskIl=35 "d is presented
with thick solid line. The shaded area indicates the possible devia-
tions of the calculated GDR spectrum from the best-fit curve within
the 1 MeV error bars of the GDR width.
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appreciably from the widths obtained at lower spins. In Fig.
7, a shaded area is shown which is limited at the lower and
upper extremes by the values corresponding to the GDR
width of 8.3 and 6.3 MeV, respectively.

IV. CALCULATION METHOD

It is known from several other studies that the role of the
shell effects diminishes with temperature. In doubly magic
nuclei, the temperature at which the strong shell effects are
smeared out is expected to be of the order of 2 MeV. Outside
the doubly closed-shell nuclei, these limiting temperatures
are lower and the calculations based on the cranking Strutin-
sky method(cf., e.g., [12]) indicate that atT,1 MeV the
corresponding shell effects are usually negligible. Conse-
quently, the results of the macroscopic model calculations for
the216Rn nucleus in the form of the potential energy surfaces
shown in Fig. 8 are a realistic approximation of the nuclear
energies at the 1 MeV temperature that corresponds to the
conditions of the present experiment.

To understand better the shape fluctuation mechanism un-
derlying the experimental conditions of the present study, we
would like to obtain the shape distribution with the help of
the newest version of the liquid drop model that accounts
explicitly for the nuclear-surface curvature effects. These ef-
fects are particularly important at large elongations, espe-
cially for the neck-forming nuclear configurations, and the
corresponding approach is expected to provide a better de-
scription, in particular, of the fission barriers. Such a model
was recently developed in Strasbourg within the Lublin-
Strasbourg collaboration and is further referred to as the
Lublin-Strasbourg Drop(LSD) approach[13,14]. It has been
shown that the LSD approach provides indeed a more real-
istic parametrization of the fission barriers as compared to
the earlier calculations of this type, and one may expect it to

give a more realistic distribution of shapes close to the fis-
sion limit. In fact, in the case of the light nucleus46Ti, the
model does predict a Jacobi transition in accordance with the
experimental results of Ref.[15].

The technique of calculating the distributions of probabil-
ity to find a given nucleus at the deformation specified byan
ensembleof deformation parameters, sayhaj, is fairly stan-
dard nowadays(cf. Ref. [16]), and below we give only a few
mathematical expressions rendering the presented informa-
tion reproducible by an independent study.

The probability distribution to find the nucleus at a given
deformation is given by the so-called Boltzmann factor,P
=Pshaj ,I ,Td; in nuclear physics applications it is a function
of the ensemble of deformation parametershaj, spin I, and
the temperatureT. To shorten the notation, we omit those
three variables and write

P , e−F/kT, F ; E − TS, s1d

whereF denotes the free energy,E the energy of the system
(in the present application set equal to the macroscopic en-
ergy obtained from the LSD approach), and S the entropy
given by the single-particle level-occupation factorsnn,

S= − o
n

nn ln nn − o
n

s1 − nndlns1 − nnd. s2d

The occupation factors depend in fact on the deformation,
spin, and temperature as well, but as before, these variables
are omitted and we have

nn =
1

1 + expfsen − ld/Tg
. s3d

The Fermi energyl is found from the usual particle-number
condition

sN or Zd = o
n

nn. s4d

The single-particle energiesen are calculated using the de-
formed Woods-Saxon potential with the universal parameter
set (cf. Ref. [17]).

For a given experimental excitation energyE* , we calcu-
late the thermal excitation energy available to the system,
U=E* −E, at each deformation point of the(b, g) plane of
the standard quadrupole deformations. The latter energy can
be expressed as the difference of the microscopic thermal
energiesE;on nnen, viz.,

U = Eshaj,I,Td − Eshaj,I,T = 0d. s5d

Equations(4) and (5) provide the system of nonlinear equa-
tions from whichT andl are obtained.

The potential energy surfaces of Fig. 8 were obtained us-
ing the LSD approach; they were used to calculate the Bolt-
zmann factors of Eq.(1); the resulting distributions describ-
ing the probabilities of finding the nucleus at a given
deformation are shown in Fig. 9 of the following section.

The corresponding results were used as input to generate
the comparison with the experimental results in terms of the
usual observables as discussed in the following section.

FIG. 8. (Color online) The 216Rn potential energy maps calcu-
lated using the LSD model. As one can see, this approach predicts
for the 216Rn nucleus an equilibrium shape(cf. the minima of the
potential energy) which is approximately spherical up to the spins
aroundI =40 ". At I =40 ", the fission barrier is about 3 MeV high,
so that forI ù40 " the fission decay mode is expected to dominate.
Note that the only evolution with spin is the decreasing in the bar-
rier height and no Jacobi transition is expected in this nucleus ac-
cording to the calculations.
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V. COMPARISON WITH THEORY AND DISCUSSION

To begin, let us compare the experimental results; all the
data for the giant dipole resonance width obtained from the
analysis of various spectra are shown in Table I for the hot
rotating216Rn. They correspond to an average temperature of
kTl<1 MeV and to several values of spin which are also
reported in the table. It should be noted that the GDR studies
performed so far in this heavy mass region were focused on
the fission channel. The present study is the first investiga-
tion of the GDR width in connection with the fusion-
evaporation decay channel.

The measured values of the resonance width are found not
to depend strongly on spin, at least in that particular nucleus.
They are larger as compared to the zero-temperature widths
sG0<4 MeVd known from other nuclei in the mass range of
interest. This difference is of the same magnitude as that
found in lighter nuclei at similar temperature; it has been
interpreted in terms of the thermal shape fluctuations. In ad-
dition, the fact that the width is not changing in any impor-
tant way with spin indicates that the effective deformation is
not changing significantly with the spin either.

According to the theoretical prediction in Fig. 8, the216Rn
nucleus remains nearly spherical in its ground state; how-
ever, the fission barrier decreases from,9 MeV at I =10 "
to ,3 MeV at I =40 ". Consequently, one should not expect
any significant presence of the large deformations in this
nucleus at the temperature sufficiently high to wash-out the
shell effects. Our experimental results seem to confirm this
picture, althougha priori one cannot exclude the possibility
that the sensitivity of this particular experiment is not ad-
equate to sample the presence of very large deformations
which could beweakly populated.

The width of the Boltzmann distribution reflects the ther-
mal shape fluctuation amplitude, and, therefore, shows the

contribution of the shape fluctuations to the overall GDR
width. The deformation value corresponding to the maxi-
mum of the distribution is the equilibrium deformation. Both
the equilibrium deformation and the variance of the distribu-
tion play an important role in describing the GDR width.
From Fig. 9 one expects that both of these contributions to
the GDR width are not changing very much with spin. In
fact, only a slight increase of the GDR width can be ex-
pected, as the probability distributions become slightly
broader, i.e., sampling larger deformation but with very small
probability.

The calculation of the GDR line shape obtained within the
thermal shape fluctuation model as a sum of all possible line
shapes(for all deformation values) weighted with the Boltz-
mann factor(cf. Ref. [16]) gives the GDR width values plot-
ted as the dashed line in the top panel of Fig. 10. The calcu-
lations assume atT=0 a spherical shape with a GDR width
of 4 MeV. The obtained predictions show that the result of
the average over the shape ensemble atT=1 leads to an
increase of the GDR width which in the present case is about
7 MeV.

In the top panel of Fig. 10, calculation results are com-
pared to the present experimental results and to the predic-
tions based on the same mechanism but using the parametri-
zation reported in[18,19]. Both approaches give the results
consistent with the experimental values. In addition, in the
bottom part of the figure we display the main features of the
calculated liquid drop shape distribution by showing the
static equilibrium quadrupole deformationsbeqd, average dy-
namical deformationskbld, and the standard deviation of the
b distribution skDbld. The static equilibrium deformation is
,0 up to spin 30", and then slightly increases, while the
standard deviation is almost constant with angular momen-
tum. Both static and dynamic deformations determine the
shape evolution of the investigated nucleus. It is basically

FIG. 9. The probability distributions calcu-
lated using the model Boltzmann factors as dis-
cussed in the text. Observe the stability of the
position of the maximum of the displayed distri-
butions. However, the distributions spread out as
a function of spin, their maxima get lower, and, at
I ,40 ", the traces of the fission path become
visible.

TABLE I. The GDR parameters for216Rn obtained from the fit to the experimental data.

Data Fold 5-8 Fold 5-30 Fold 9-30 Isomer gated

kIlf"g 23 26 29 35

G (MeV) 7.0±0.3 7.0±0.3 7.0±0.4 7.3±1.0

E (MeV) 13.2±0.1 13.2±0.1 13.2±0.3 13.2±0.5
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constant with spin, as is the behavior of the calculated GDR
width.

VI. SUMMARY AND CONCLUSIONS

The present work demonstrates the possibility to study the
nuclear shape around the fission limit through the GDR
g-decay in exclusive measurements selecting spins and using
the isomer tagging technique. The present study is the first
investigation of the Giant Dipole Resonance width from the
fusion-evaporation decay channel in this nuclear mass range.

Theoretical calculations at zero temperature, Ref.[20],
predict a superdeformation in the216Rn nucleus at the quad-

rupole deformation,0.5, with the potential barrier separat-
ing the first and the second minima of a moderate size of
about 2–3 MeV. At an average temperature ofkTl,1 MeV,
the shell effects are about to disappear as discussed in the
text. To which extent these two factors, viz., the shell effects
and the temperature compete is a crucial question to exam-
ine, since the reliable theoretical predictions about the popu-
lation (or not) of super- and/or hyperdeformed minima must
be able to control these two factors reliably. The fact that no
sign of the superdeformed(more generally large deforma-
tion) shapes has been obtained in the present study can be
interpreted as another confirmation of the earlier expectation
that temperatureskTl,1 MeV wash out the potential barri-
ers of at least Vbø3 MeV.

According to the present study, thekTl,1 MeV hot216Rn
nucleus has nearly spherical(static equilibrium) shapes up to
spin I =30 and weakly oblate deformations when approach-
ing the fission limit atI =40. The standard deviation of the
thermal shape fluctuation ensemblekDbl obtained from our
calculations is nearly constant in spin. The average dynami-
cal deformation obtained with the Boltzmann factor de-
scribed in the text is rather smalls,0.15d and does not
change either with angular momentum within the studied
range.

The fact that the216Rn nucleus investigated here was
found to be almost spherical up to the fission limit is perhaps
not surprising given the fact that the results of the calcula-
tions were known prior to the experiment; however, the ex-
tent to which this result agrees with the calculations suggests
that the progress achieved within the LSD approach is indeed
encouraging. This has further implications: since the LSD-
model parameters are independent of the nucleus studied
here(they were fitted to all the experimental masses known
contemporarily), the parameter-free description of the Jacobi
transition in46Ti of Ref. [15] and simultaneously of the no-
Jacobi transition in216Rn of this study provides important
test cases. However, obviously more such test cases in vari-
ous mass ranges will be needed to claim the full success of
the new description of the nuclear macroscopic energies.
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