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Probing the shape of hot 194Hg at high spins with the giant dipole resonance decay
in selected cascades
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T. Lönnroth and R. O¨ sterbacka
Department of Physics, Åbo Akademi, FIN-20500 Turku, Finland

~Received 5 October 1998; published 16 June 1999!

High-energyg rays emitted by the decay of the hot compound nucleus194Hg, formed in the reaction
30Si(142 MeV)1164Dy, have been measured in coincidence with different residual nuclei. The measured
spectra and the relative residual-nucleus cross sections were simultaneously analyzed with the statistical model.
Calculations assuming contributions from a GDR in superdeformed states were also made. No clear evidence
was found that superdeformed shapes seen atT50 survive at average nuclear temperature^T&.1.3 MeV.
Instead, an average nuclear deformation corresponding to^b&50.3 constant with spin has been deduced for
20,I ,38 \ by comparing the measured width to that predicted by the model of thermal shape fluctuations.
@S0556-2813~99!04107-2#

PACS number~s!: 21.60.Ka, 21.10.Re, 23.20.Lv, 24.30.Cz
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I. INTRODUCTION

One of the central questions in the field of nuclear str
ture is that concerning the nuclear motion as a function
temperature. This question is being addressed by stud
the properties of the giant-dipole resonance~GDR! at finite
excitation energy. Experimentally several efforts have b
made to improve the selectivity of these studies by mea
ing theg decay of the GDR associated to specific region
the phase space available for the decay of highly exc
nuclei. The selectivity concerns angular momentum~see,
e.g., Refs.@1–3#!, excitation energy~see, e.g., Ref.@4#!, and
the final residual nucleus~see, e.g., Refs.@5,6#!. In general,
the comparison of the experimental findings with model p
dictions yields information on the average nuclear shap
finite temperature and angular momentum, on the role
thermal shape fluctuations and on the damping mechan
of this collective mode at finite temperature@7#. More re-
cently, the width of the GDR was studied as a function
temperature and angular momentum keeping one of the
quantities fixed@2,3#. The width of the GDR was found to
reflect the average nuclear deformation@2,8#. In particular,
the studies of106Sn and 176W at T,2 MeV have shown
that the influence of the rotational angular momentum on
width of the GDR is strongly dependent on the nuclear m
ment of inertia. In fact, for nuclei as heavy as176W angular
momentum effects are unimportant because the ave
nuclear deformation does not change significantly with
creasingI.
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On the basis of the previous discussion it becomes in
esting to study a nucleus such as194Hg. In fact, since this
nucleus is heavier than176W, it allows us to check the ex
pectation that at moderate temperature (T51.0–1.5 MeV)
the average nuclear deformation of nuclei in the mass reg
A5190–200, due to the large moment of inertia, should
relatively small and should not change with increasing an
lar momentum. This behavior is in contrast with that atT
50 where for Hg and Pb isotopes a number of super
formed bands were found at high spins. A detailed study
theg decay of the GDR for a heavy nucleus such as194Hg is
therefore interesting to test whether or not the strong effe
induced atT50 by angular momentum can persist at mo
erate temperature (T,1.5 MeV) or if they largely influence
the value of the nuclear average deformation. Because o
present interest on the problem of superdeformation it is
portant to establish, in the best possible way, the proper
of hot compound nuclei whose decay leads to the popula
of superdeformed configurations.

Concerning this mass region two works were made at
beginning of the 1990’s. One is mainly focused on the pro
erties of the prefission and postfission GDR emission@9#, in
contrast with the present measurement of194Hg for which
the fusion-evaporation channel is strongly populated a
cleanly selected. The second, concerning the nucleus190Hg
at lower excitation energy@10#, was rather limited in statis-
tics so that it was not possible to obtain~and consequently to
reproduce with the statistical model! the cross section of the
different residual nuclei as a function ofg-ray energy in the
©1999 The American Physical Society06-1
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region of interest for the GDR. This point, which is inste
discussed in the present paper, is important since it prov
a more complete test for the statisticalg decay of compound
nuclei, which is the basic assumption of all GDR studies
finite temperature.

A recent work reported in Ref.@11#, relative to the decay
of the compound nucleus148Gd, showed that the statistica
model could not reproduceg yields and the total production
yields for the different evaporation residues unless the e
tation energy of the compound is lowered by'6 MeV.
Consequently more detailed studies, also in other mass
gions, in which a simultaneous analysis is made for the hi
energyg-ray spectra and for the cross section of the differ
residual nuclei as a function ofg-ray energy, provide no
only a consistency check for the deduced value of the G
parameters but also a more stringent test for the pre
knowledge of the fusion-evaporation process. The latter is
important point, since in a number of cases the emission
high-energyg rays has been employed to study the mec
nisms leading to the fusion and fission processes~see, e.g.,
Refs. @12–14#!. In particular, the problem of the entranc
channel effects has been exstensively studied and in on
the latest work@15# the measurement of theg decay of the
GDR in 156Er in coincidence with the low-energyg transi-
tions of the most populated residual nucleus has been u
However, in that case a simultaneous analysis of the h
energyg-ray spectra and of the cross section of the differ
residual nuclei as a function ofg-ray energy was not made
In addition, the statistical model analysis was made with
using the Monte Carlo approach which is instead require
the case of channel selection.

II. EXPERIMENT

The experiment was performed at the Tandem Accele
tor Laboratory of the Niels Bohr Institute~Riso”, Denmark!.
The reaction was30Si1 164Dy at bombarding energy 14
MeV. The target thickness was 0.75 mg/cm2 ~with a purity
of 98.4% in the isotope164Dy). The corresponding excitatio
energy for the compound nucleus194Hg is 60 MeV and the
maximum angular momentum 41\. The experimental appa
ratus used was a combination of the Nordball detector a
~17 Compton-suppressed Ge detector with a 30 element
tiplicity filter ! and the HECTOR detector array. The latt
consists of eight large volume BaF2 detectors for the mea
surement of high-energyg rays@16#. Neutron andg separa-
tion was obtained by measuring the time of flight from t
target. Gain shifts were monitored to better than 0.2% us
an LED system optically coupled to the large BaF2 crystals
by optic fibers, and corrected off line as necessary. The
ergy calibration of the high-energy detectors was done us
the 15.1 MeVg rays from D(11B,ng)12C* reaction as a
high-energy point and utilizing the zero suppression mode
the ADC. The detection efficiency for high-energyg rays
was '1% at 15 MeV, similar to that for the detection o
low-energyg rays. The collected events~2.5 107) consisted
of the coincidence between a high-energyg ray (Eg
.3 MeV), and at least one low-energyg ray detected in the
Ge detector array together with two or more low-energyg
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rays detected in the multiplicity filter.
The multiplicity filter covered a solid angle of'2p. In

Fig. 1 we show the spin distributions associated with the t
different fold intervals selected for the study of the spin d
pendence of the width of the GDR discussed below. T
conversion between the measured coincidence foldFg ~the
number of measured coincidentg rays of low energy in one
event! with the multiplicity Mg ~the number ofg rays emit-
ted in the reaction! was established with the procedure d
scribed in Ref.@16# using for the efficiency of the filter the
value'35% ~as measured with radioactive sources! and in-
cluding the effect of the coincidence with at least oneg ray
in the germanium detectors and of the window selection
sum energy. The conversion from multiplicity to angular m
mentum was done assumingJ52M12, taking into account
that neutron emission is the main evaporation channel.
two curves in Fig. 1 are well separated and correspond t
<Fg<5 ~dashed line! andFg.7 ~full drawn line! with av-
erage value 24 and 36\, respectively.

Figure 2 shows low-energyg-ray Ge spectra for differen
conditions on the energy measured in BaF2 detectors. One
~lower spectrum in top panel! is in coincidence with high-
energyg rays withEg.3 MeV and the other~upper spec-
trum in top panel! with Eg.10 MeV. In these spectra on
can readily see that the relative intensity of the low-sp
transitions of the populated residual nuclei190Hg (4n chan-
nel!, 189Hg (5n channel!, and 191Hg (3n channel! depends
on the energy of the gating transition. In particular, when
conditionEg.3 MeV is required the most populated cha
nels are the 4n and 5n while the population of the 3n chan-
nel is very small. Instead, a gate withEg.10 MeV en-
hances the 3n channel, as seen in Fig. 2, since the hig
energy g rays replace a neutron in the decay sequen
Consequently, the spectrum associated with the 3n channel
~or in general the channel that is the least populated when
conditions on high-energyg rays are required! is the most
interesting for the GDR study in hot nuclei because in t
spectrum the contribution of high-energyg rays is enhanced
Indeed, the selection of this decay channel allows us to re
a large fraction of the cascades containing onlyg rays with
Eg,7 –8 MeV that are mainly emitted at the end of th
decay and that constitute a background for the study of
GDR in the hot compound. This can be seen in Figs. 3 an

FIG. 1. The lines show the expected spin distribution cor
sponding to the fold intervals 2<Fg<5 ~dashed line! and Fg.7
~full line!.
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where the high-energyg-ray spectrum in coincidence wit
the 3n channel is compared to the total spectrum~namely the
spectrum in coincidence with the low-spin transitions of
open channels!. In these figures the spectrum associated
the 3n channel has been scaled to the same number of co
as the total spectrum in the GDR region (Eg
513–15 MeV) to emphasize the difference in spect
shape and slope of the two spectra in the regionEg
,8 MeV.

III. DATA ANALYSIS AND RESULTS

All measured spectra were analyzed within the framew
of the statistical model decay of the compound194Hg
nucleus. Because of the channel selection a Monte C
approach is necessary@10#. This approach has reproduce
very well the multiplicity of high-energyg rays in theA
590 mass region@17#. A first but critical and stringent tes
for this type of calculations is the comparison of the calc
lated distribution of residual nuclei as a function of the e
ergy range (Eg.EG) of the coincident high-energyg ray.
The measured values, obtained evaluating the intensity o

FIG. 2. Top part: Twog-ray spectra measured for the reacti
30Si (142 MeV)1 164Dy with Ge detectors. Spectrum~a! is in co-
incidence with high-energyg rays with energyEg.3 MeV and
~b! is in coincidence with high-energyg rays with energyEg

.10 MeV. Bottom part: Fractions of residue cross sections,
duced from the intensity of the low-energyg rays in the Ge spectra
in coincidence with ag ray with an energyEG or higher. The filled
diamonds correspond to189Hg, the filled triangles to190Hg, and the
filled circles to 191Hg. The lines are the results of statistical mod
calculations of Monte Carlo type.
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191Hg residual nuclei, are shown in the bottom part of Fig
together with the calculations. All channels are rather w
predicted in the two different spin windows and in the to
case. The GDR width was varied to reproduce, simu
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FIG. 3. Measured spectra in comparison with statistical mo
calculations~full lines!. The total spectrum~that is gated by all lines
of the different residues! is shown with filled circles while the 3n
spectrum with filled squares. The left panel shows the data with
condition from the multiplicity filter and the best fitting statistic
model calculation with one Lorentzian strength function cor
sponding toEGDR514.0 MeV andGGDR56.5 MeV. In the inset
the quantityF(Eg)Yg

exp(Eg)/Yg
cal(Eg) is plotted.Yg

exp(Eg) is the ex-
perimental spectrum andYg

cal(Eg) the best fit calculated spectrum
corresponding to the single Lorentzian functionF(Eg). In the cen-
tral and right panels the spectra associated with two different s
windows ^I &524 \ and ^I &536 \ are shown. The calculation
use a single Lorentzian function (EGDR514 MeV and GGDR

56.5 MeV for ^I &524 \ and EGDR514 MeV and GGDR

55.5 MeV for ^I &536 \).

FIG. 4. Measured spectra in comparison with statistical mo
calculations~full lines!. The total spectrum~which is gated by all
lines of the different residues! is shown with filled circles while the
3n spectrum with filled squares. The left panel shows calculati
at ^I &536 \ using a two Lorentzian function for the superd
formed nucleus~EGDR159.8 MeV, GGDR153 MeV and 33% of
the EWSR, EGDR2515.8 MeV, GGDR257 MeV, and 66% of the
EWSR! in 100% of the cascades while in the right panel in 20%
6-3
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neously, the total spectrum and those associated to the
ferent final channels in two spin windows. A level dens
parameter ofa5A/8 MeV and 100% of the EWSR strengt
was used.

A single Lorentzian analysis was carried out for the sp
tra corresponding to fold equal or larger than 2~total mea-
sured fold of the multiplicity filter! and for the fold intervals
2–5 and.7. In the left panel of Fig. 3 the spectrum asso
ated with the total measured fold distribution is shown
comparison with the statistical model calculation cor
sponding to EGDR514 MeV and GGDR56.5 MeV. The
GDR centroid value is similar to that of the ground sta
~13.7 MeV! and to that reported in Ref.@10#. In the center
and right panels we show data and calculations for the t
spectrum~gated by all lines! and for the 3n channel. They
correspond toEGDR514 MeV andGGDR56.5 MeV for the
^I &524 \ case and to EGDR514 MeV and GGDR
55.5 MeV for the^I &536 \ case.

The 3n channel spectrum, being rather flat, should disp
an enhanced sensitivity to the details of the low-energy
of the GDR with respect to the total spectrum. Therefore,
have performed also statistical model calculations assum
a contribution of the GDR in superdeformed states for^I &
536 \ data. The superdeformed strength function w
taken as a two Lorentzian function, one with EGDR1
59.8 MeV, GGDR153 MeV, and 33% of the EWSR
strength and the other with EGDR2515.8 MeV, GGDR2
57 MeV, and 66% of the EWSR strength. These calcu
tions are shown in Fig. 4. In the left panel of Fig. 4 we sho
the calculation assuming that the nucleus is superdefor
in all cascades while in the right panel only in 20% of t
decay cascades. In this connection it is important to rem
ber that the intensity for the population of superdeform
configurations around the yrast line has been found to
much larger than that of the population of the superdeform
yrast transitions@18#. The normal deformed case is preferr
@being the value of thex2 in the interval~7–16 MeV! '30%
smaller in the case of a single Lorentzian# although one can-
not exclude possible contributions of the order of'10%
from the decay of GDR in a superdeformed configurati
However, at this level it is difficult to infer the presence
such a superdeformed contribution, particularly because
uncertainty with which we reproduce the residual distrib
tion is larger than 10%, and consequently altogether
single Lorentzian analysis is more reliable.

Theoretical calculations of the GDR strength functi
were carried out under the assumption of an adiabatic c
pling between the GDR and the nuclear quadrupole defor
tion @19,20# while projecting the third component of the a
gular momentum. The precise details in which the mo
was implemented are given in Ref.@20#, and are only briefly
described here. The underlying assumptions in the mode
that all deformations and orientations are thermally exci
in the compound nucleus and that the time scale assoc
with thermally induced fluctuations of the deformation a
orientation of the system is slow enough so as to not dire
affect the GDR strength function. The base model for
GDR then consists of three fundamental modes corresp
ing to vibrations along each of the intrinsic axes with a ce
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troid energyEk5R0 /Rk , where the intrinsic radiusRk is
given by the Hill-Wheeler formula@20#, and an intrinsic
damping width ofGk5G0

↓(Ek /EGDR)d, where, for194Hg, the
valuesEGDR513.5 MeV, G0

↓54.0 MeV, andd51.9 were
used. The total strength function is calculated as a supe
sition of the strength functions obtained at each deforma
and orientation weighted by the Boltzman fact
exp(2F/T). F denotes the free energy, which is a function
the quadrupole shape variablesb andg, the temperatureT,
the angular momentumI, and the Euler anglesu,f,c de-
scribing the orientation of the nucleus. The nuclear free
ergies were computed within the framework of the Nilsso
Strutinsky@21–23# procedure. The averaging has been do
by integrating over the five degrees of freedom using
volume elementb4sin 3gdbdg sinududfdc using Monte
Carlo methods.

The thermal averaging predicts a broadening of the G
strength function that is in overall good agreement with e
perimental findings, as can be seen in Fig. 5. This broaden
reflects the increase of the calculated average nuclear d
mation at finite temperature, with respect to the nea
spherical shape atT50 MeV. In the top part of Fig. 5, we
show the average value ofb, which, in this case, is approxi
mately 0.3 and essentially independent ofI. As I increases,
the nucleus tends to undergo oblate flattening due to cent
gal effects. The magnitude of the minimum of the Free e
ergy, occurring at the equilibrium deformation~see Fig. 5! is
determined by the interplay between the surface and the
tational energy, and is sensitive to the moment of inertia
the system. Because of the dependence in the free energ
the inverse of the moment of inertia, for heavy nuclei, su
as 194Hg, the influence of oblate flattening on the GD
strength function should be reduced since the mean valu
the deformation does not change appreciably as a functio

FIG. 5. The deduced GDR width at^T&51.3 MeV as a func-
tion of angular momentum in comparison with the thermal sha
fluctuation predictions described in the text~full line!. In the top
part of the figure the equilibrium deformation~that minimizes the
Free energy! and the average deformation of194Hg are shown.
6-4
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angular momentum. As a consequence, the principal me
nism behind the broadening of the GDR strength function
the increased sampling of quadrupole deformations w
temperature and not the increased angular momentum
deed, the width of the GDR deduced from calculations t
included only thermal shape effects reproduces the data q
well.

IV. CONCLUSIONS

In summary, conclusions on three points related to
study of theg decay of the GDR in hot rotating nuclei ar
obtained. The first is that the measured GDR width refle
the average shape of the nucleus which, in agreement
the model of thermal shape fluctuations, does not cha
with increasing angular momentum. The present result, w
compared with the work on light and medium mass nuc
@2,24# shows that angular momentum effects depend on
nuclear moment of inertia. The second is that this experim
has provided a more complete test of the statistical mo
decay of high-energyg rays which has been shown to repr
duce simultaneously the spectra associated with diffe
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channels and residual distribution yields. The last point
that there is no convincing evidence of superdeform
shapes at high spins and at this temperature^T&51.3 MeV,
neither in the total spectrum nor in the 3n spectrum that has
a particularly enhanced sensitivity to the low-energy tail
the hot GDR strength function. The fact that the possi
contribution of a superdeformed GDR in the high-ener
spectrum associated to a particular residue is small sugg
the need for a better cascade selection, as for instanc
choosing cascades leading to different configurations~SD
and non-SD! of the same residual nucleus@25#. Conse-
quently, the problem of the GDR in superdeformed nuc
remains an interesting topic to be addressed with more p
erful experimental arrays such as, for example, EUROBA
and GAMMASPHERE.
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