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Probing the shape of hot!®*Hg at high spins with the giant dipole resonance decay
in selected cascades
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High-energy y rays emitted by the decay of the hot compound nuclélslg, formed in the reaction
305i(142 MeV)+ %Dy, 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 seeh=a survive at average nuclear temperat(ifée=1.3 MeV.

Instead, an average nuclear deformation correspondiggte- 0.3 constant with spin has been deduced for
20<1<38 A by comparing the measured width to that predicted by the model of thermal shape fluctuations.
[S0556-28189)04107-2

PACS numbgs): 21.60.Ka, 21.10.Re, 23.20.Lv, 24.30.Cz

[. INTRODUCTION On the basis of the previous discussion it becomes inter-
esting to study a nucleus such &Hg. In fact, since this
One of the central questions in the field of nuclear strucnucleus is heavier thah’®W, it allows us to check the ex-
ture is that concerning the nuclear motion as a function opectation that at moderate temperatufe=(1.0-1.5 MeV)
temperature. This question is being addressed by studyinifie average nuclear deformation of nuclei in the mass region
the properties of the giant-dipole resonaf@DR) at finite ~ A=190-200, due to the large moment of inertia, should be
excitation energy. Experimentally several efforts have beemelatively small and should not change with increasing angu-
made to improve the selectivity of these studies by measutar momentum. This behavior is in contrast with thatTat
ing the y decay of the GDR associated to specific region of=0 where for Hg and Pb isotopes a number of superde-
the phase space available for the decay of highly excitefbrmed bands were found at high spins. A detailed study of
nuclei. The selectivity concerns angular moment(see, they decay of the GDR for a heavy nucleus such'¥ig is
e.g., Refs[1-3]), excitation energysee, e.g., Ref4]), and therefore interesting to test whether or not the strong effects
the final residual nucleussee, e.g., Ref45,6]). In general, induced afT=0 by angular momentum can persist at mod-
the comparison of the experimental findings with model preerate temperatureT<1.5 MeV) or if they largely influence
dictions yields information on the average nuclear shape ahe value of the nuclear average deformation. Because of the
finite temperature and angular momentum, on the role opresent interest on the problem of superdeformation it is im-
thermal shape fluctuations and on the damping mechanisnportant to establish, in the best possible way, the properties
of this collective mode at finite temperaturé]. More re-  of hot compound nuclei whose decay leads to the population
cently, the width of the GDR was studied as a function ofof superdeformed configurations.
temperature and angular momentum keeping one of the two Concerning this mass region two works were made at the
quantities fixed2,3]. The width of the GDR was found to beginning of the 1990’s. One is mainly focused on the prop-
reflect the average nuclear deformatidh8]. In particular, erties of the prefission and postfission GDR emis$&nin
the studies of'%Sn and!’® at T<2 MeV have shown contrast with the present measurement'8Hg for which
that the influence of the rotational angular momentum on thehe fusion-evaporation channel is strongly populated and
width of the GDR is strongly dependent on the nuclear mo<cleanly selected. The second, concerning the nuctédsy
ment of inertia. In fact, for nuclei as heavy &8W angular  at lower excitation energ10], was rather limited in statis-
momentum effects are unimportant because the averagis so that it was not possible to obtdand consequently to
nuclear deformation does not change significantly with in-reproduce with the statistical moglehe cross section of the
creasingl. different residual nuclei as a function gfray energy in the
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region of interest for the GDR. This point, which is instead 0.3 : ,
discussed in the present paper, is important since it provides ---- fold 2-5
a more complete test for the statistigalecay of compound — fold>7

nuclei, which is the basic assumption of all GDR studies at ©0n02f /
finite temperature. g

A recent work reported in Refl11], relative to the decay g
of the compound nucleu¥*®Gd, showed that the statistical S 0.1

model could not reproduce yields and the total production
yields for the different evaporation residues unless the exci-
tation energy of the compound is lowered by6 MeV. 0.0 ‘ .
Consequently more detailed studies, also in other mass re- 10 20 30 40 50
gions, in which a simultaneous analysis is made for the high- Spin [#]

energyy-ray spectra and for the cross section of the different £ 1. The lines show the expected spin distribution corre-

residual nuc;lei as a function of-ray energy, provide not gponding to the fold intervals<F <5 (dashed lingandF >7
only a consistency check for the deduced value of the GDRyy|l line).

parameters but also a more stringent test for the present
knowledge of the fusion-evaporation process. The latter is aralys detected in the multiplicity filter.
important point, since in a number of cases the emission of The multiplicity filter covered a solid angle o#27. In
high-energyy rays has been employed to study the mechaFig. 1 we show the spin distributions associated with the two
nisms leading to the fusion and fission processe®, e.g., different fold intervals selected for the study of the spin de-
Refs.[12-14)). In particular, the problem of the entrance pendence of the width of the GDR discussed below. The
channel effects has been exstensively studied and in one ebnversion between the measured coincidence Faldthe
the latest wor 15] the measurement of the decay of the number of measured coincideptrays of low energy in one
GDR in ¥ in coincidence with the low-energy transi-  evenj with the multiplicity M, (the number ofy rays emit-
tions of the most populated residual nucleus has been usetgd in the reactionwas established with the procedure de-
However, in that case a simultaneous analysis of the highscribed in Ref[16] using for the efficiency of the filter the
energyy-ray spectra and of the cross section of the differenvvalue ~35% (as measured with radioactive sourcaad in-
residual nuclei as a function of-ray energy was not made. cluding the effect of the coincidence with at least gneay
In addition, the statistical model analysis was made withoutn the germanium detectors and of the window selection in
using the Monte Carlo approach which is instead required irsum energy. The conversion from multiplicity to angular mo-
the case of channel selection. mentum was done assumidg 2M + 2, taking into account
that neutron emission is the main evaporation channel. The
two curves in Fig. 1 are well separated and correspond to 2
<F,=<5 (dashed lingandF ,>7 (full drawn line) with av-

The experiment was performed at the Tandem Acceleraerage value 24 and 36, respectively.
tor Laboratory of the Niels Bohr InstitutéRis, Denmarh. Figure 2 shows low-energy-ray Ge spectra for different
The reaction was*’Si+ %Dy at bombarding energy 142 conditions on the energy measured in Bafetectors. One
MeV. The target thickness was 0.75 mgfctwith a purity  (lower spectrum in top panels in coincidence with high-
of 98.4% in the isotopé®Dy). The corresponding excitation energyy rays with E,>3 MeV and the othefupper spec-
energy for the compound nucled&Hg is 60 MeV and the trum in top panel with E,>10 MeV. In these spectra one
maximum angular momentum 44. The experimental appa- can readily see that the relative intensity of the low-spin
ratus used was a combination of the Nordball detector arragransitions of the populated residual nuctéiHg (4n chan-
(17 Compton-suppressed Ge detector with a 30 element muhel), ¥Hg (5n channe), and *®'Hg (3n channel depends
tiplicity filter) and the HECTOR detector array. The latter on the energy of the gating transition. In particular, when the
consists of eight large volume Baféletectors for the mea- conditionE,>3 MeV is required the most populated chan-
surement of high-energy rays[16]. Neutron andy separa- nels are the # and 5 while the population of the I8 chan-
tion was obtained by measuring the time of flight from thenel is very small. Instead, a gate with,>10 MeV en-
target. Gain shifts were monitored to better than 0.2% usinghances the 8 channel, as seen in Fig. 2, since the high-
an LED system optically coupled to the large Baffystals energy y rays replace a neutron in the decay sequence.
by optic fibers, and corrected off line as necessary. The ernconsequently, the spectrum associated with thecBannel
ergy calibration of the high-energy detectors was done usingor in general the channel that is the least populated when no
the 15.1 MeVy rays from D¢'B,ny)'*C* reaction as a conditions on high-energy rays are requiredis the most
high-energy point and utilizing the zero suppression mode ofnteresting for the GDR study in hot nuclei because in this
the ADC. The detection efficiency for high-energyrays  spectrum the contribution of high-energyrays is enhanced.
was ~1% at 15 MeV, similar to that for the detection of Indeed, the selection of this decay channel allows us to reject
low-energyy rays. The collected even(&.5 10) consisted a large fraction of the cascades containing oplyays with
of the coincidence between a high-energy ray (E, E,<7-8 MeV that are mainly emitted at the end of the
>3 MeV), and at least one low-energyray detected in the decay and that constitute a background for the study of the
Ge detector array together with two or more low-enefigy GDR in the hot compound. This can be seen in Figs. 3 and 4

Il. EXPERIMENT
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© 80 7 "Hg (3n) FIG. 3. Measured spectra in comparison with statistical model
‘(’D 60 calculationgfull lines). The total spectruntthat is gated by all lines
2 2 of the different residugss shown with filled circles while the 13
B 40 P 4 spectrum with filled squares. The left panel shows the data with no
i N e 7 condition from the multiplicity filter and the best fitting statistical
o 20 * model calculation with one Lorentzian strength function corre-
[ i .'_'.\_’:m;’.f:_/ . sponding toEgpr=14.0 MeV andl'gpr=6.5 MeV. In the inset
0 L—espmzammnr e £ * the quantityF(Ey)Y‘;Xp(Ey)/cha'(Ey) is plotted.YS™®(E,) is the ex-
2 34567 89101 perimental spectrum anﬂcya'(Ey) the best fit calculated spectrum,
Eg [MeV] corresponding to the single Lorentzian functie(E,). In the cen-

tral and right panels the spectra associated with two different spin
FIG. 2. Top part: Twoy-ray spectra measured for the reaction Windows (I)=24 # and(I)=36 # are shown. The calculations

305 (142 MeV)+ 6Dy with Ge detectors. Spectrufa) is in co- use a single Lorentzian functionEgpr=14 MeV and I'gpr
incidence with high-energy rays with energyE,>3 MeV and =6.5 MeV for (1)=24 7 and Egpr=14 MeV and I'gpr
(b) is in coincidence with high-energy rays with energyE, =55 MeV for(I)=36 7).
>10 MeV. Bottom part: Fractions of residue cross sections, de-
duced from the intensity of the low-energyrays in the Ge spectra transitions for the first excited states #*Hg, °**Hg, and
in coincidence with ay ray with an energfg or higher. The filled  19Hg residual nuclei, are shown in the bottom part of Fig. 2
diamonds correspond t§*Hg, the filled triangles td*Hg, and the  together with the calculations. All channels are rather well
filled cir_cles to 1%Hg. The lines are the results of statistical model predicted in the two different spin windows and in the total
calculations of Monte Carlo type. case. The GDR width was varied to reproduce, simulta-

where the high-energy-ray spectrum in coincidence with

the 3n channel is compared to the total spectrimamely the 5 | 20% SD
spectrum in coincidence with the low-spin transitions of all 10
open channejs In these figures the spectrum associated to 10*
the 31 channel has been scaled to the same number of counts P
as the total spectrum in the GDR regionE.( § 108}
=13-15 MeV) to emphasize the difference in spectral &an2l
shape and slope of the two spectra in the regp ] 10
<8 MeV. 10"
10° - §
IIl. DATA ANALYSIS AND RESULTS <l>=136

-1
All measured spectra were analyzed within the framework 10 4 8 121620 4 8 12 16 20
of the statistical model decay of the compour&Hg ¥ Energy [MeV] ¥ Energy [MeV]
nucleus. Because of the channel selection a Monte Carlo FIG. 4. Measured spectra in comparison with statistical model

approach is necegsa}fyo]. Th'§ approach has r'eproduced calculations(full lines). The total spectrunwhich is gated by all
very well the multiplicity of high-energyy rays in theA |ines of the different residugss shown with filled circles while the
=90 mass regionl17]. A first but critical and stringent test 3 spectrum with filled squares. The left panel shows calculations
for this type of calculations is the comparison of the calcu-at (1)=36 # using a two Lorentzian function for the superde-
lated distribution of residual nuclei as a function of the en-formed nucleusEgpr;=9.8 MeV, I'gpr;=3 MeV and 33% of
ergy range E,>Eg) of the coincident high-energy ray.  the EWSR, Epr,=15.8 MeV, ['gpro=7 MeV, and 66% of the
The measured values, obtained evaluating the intensity of thHEWSR) in 100% of the cascades while in the right panel in 20%.
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neously, the total spectrum and those associated to the dif- ' "]

ferent final channels in two spin windows. A level density 0'30:_ """"""""""" -<T3'>" ]
parameter oh=A/8 MeV and 100% of the EWSR strength 020 - 4
was used. o - .,

A single Lorentzian analysis was carried out for the spec- 010k 4
tra corresponding to fold equal or larger tharit@al mea- L Be _
sured fold of the multiplicity filter and for the fold intervals 0.00 9 B
2-5 and>7. In the left panel of Fig. 3 the spectrum associ- ' . ' ' ' ' '
ated with the total measured fold distribution is shown in 107 l T T ' '
comparison with the statistical model calculation corre- = or :
sponding to Egpg=14 MeV and I'gpr=6.5 MeV. The 2 3: I i
GDR centroid value is similar to that of the ground state s ok i E U
(13.7 MeV) and to that reported in Ref10]. In the center é 5L ‘T _
and right panels we show data and calculations for the total A .
spectrum(gated by all lines and for the 3 channel. They 3L -
correspond tdEgpr=14 MeV andl'gpr=6.5 MeV for the oLl l ' ' '
(IY=24 # case and to Egpr=14 MeV and T'gpg 10 16 2.2 28 34 40
=5.5 MeV for the(l)=36 # case. Spin [#]

The 3n channel spectrum, being rather flat, should display
an enhanced sensitivity to the details of the low-energy tail
of the GDR with respect to the total spectrum. Therefore, w
have performed also statistical model calculations assumin
a contribution of the GDR in superdeformed states (fior
=36 # data. The superdeformed strength function wa
taken as a two Lorentzian function, one withgdg;
=9.8 MeV, I'gpri=3 MeV, and 33% of the EWSR troid energyE,=Ry/Ry, where the intrinsic radiu®, is
strength and the other with J5g,=15.8 MeV, Igpr,  9iven by the Hill-Wheeler formulg20], and an intrinsic
=7 MeV, and 66% of the EWSR strength. These calculadamping width ofl",=T"$(E,/Egpr) °, where, for**Hg, the
tions are shown in Fig. 4. In the left panel of Fig. 4 we showvaluesEgpg=13.5 MeV, I'y=4.0 MeV, ands=1.9 were
the calculation assuming that the nucleus is superdeformedsed. The total strength function is calculated as a superpo-
in all cascades while in the right panel only in 20% of thesition of the strength functions obtained at each deformation
decay cascades. In this connection it is important to remermand orientation weighted by the Boltzman factor
ber that the intensity for the population of superdeformedexp(—F/T). F denotes the free energy, which is a function of
configurations around the yrast line has been found to bée quadrupole shape variablgsand y, the temperaturd,
much larger than that of the population of the superdeformethe angular momenturh and the Euler angles, ¢,y de-
yrast transition$18]. The normal deformed case is preferred scribing the orientation of the nucleus. The nuclear free en-
[being the value of thg? in the interval(7—-16 Me\) ~30%  ergies were computed within the framework of the Nilsson-
smaller in the case of a single Lorentzjaithough one can- Strutinsky[21—-23 procedure. The averaging has been done
not exclude possible contributions of the order-efl0% by integrating over the five degrees of freedom using the
from the decay of GDR in a superdeformed configurationvolume elementg?sin 3ydBdysin édéd¢dys using Monte
However, at this level it is difficult to infer the presence of Carlo methods.
such a superdeformed contribution, particularly because the The thermal averaging predicts a broadening of the GDR
uncertainty with which we reproduce the residual distribu-strength function that is in overall good agreement with ex-
tion is larger than 10%, and consequently altogether th@erimental findings, as can be seen in Fig. 5. This broadening
single Lorentzian analysis is more reliable. reflects the increase of the calculated average nuclear defor-

Theoretical calculations of the GDR strength functionmation at finite temperature, with respect to the nearly
were carried out under the assumption of an adiabatic cowspherical shape &t=0 MeV. In the top part of Fig. 5, we
pling between the GDR and the nuclear quadrupole deformashow the average value @ which, in this case, is approxi-
tion [19,2Q while projecting the third component of the an- mately 0.3 and essentially independentl oAs | increases,
gular momentum. The precise details in which the modethe nucleus tends to undergo oblate flattening due to centrifu-
was implemented are given in R§20], and are only briefly gal effects. The magnitude of the minimum of the Free en-
described here. The underlying assumptions in the model arergy, occurring at the equilibrium deformati¢see Fig. »is
that all deformations and orientations are thermally excitedletermined by the interplay between the surface and the ro-
in the compound nucleus and that the time scale associatedtional energy, and is sensitive to the moment of inertia of
with thermally induced fluctuations of the deformation andthe system. Because of the dependence in the free energy on
orientation of the system is slow enough so as to not directlyhe inverse of the moment of inertia, for heavy nuclei, such
affect the GDR strength function. The base model for theas '%Hg, the influence of oblate flattening on the GDR
GDR then consists of three fundamental modes correspondtrength function should be reduced since the mean value of
ing to vibrations along each of the intrinsic axes with a centhe deformation does not change appreciably as a function of

FIG. 5. The deduced GDR width &T)=1.3 MeV as a func-
ion of angular momentum in comparison with the thermal shape
ctuation predictions described in the tdfall line). In the top
art of the figure the equilibrium deformatidthat minimizes the
sFree energyand the average deformation 8Hg are shown.
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angular momentum. As a consequence, the principal mechahannels and residual distribution yields. The last point is
nism behind the broadening of the GDR strength function ighat there is no convincing evidence of superdeformed
the increased sampling of quadrupole deformations witlshapes at high spins and at this temperattite=1.3 MeV,
temperature and not the increased angular momentum. Imeither in the total spectrum nor in the 3pectrum that has
deed, the width of the GDR deduced from calculations that particularly enhanced sensitivity to the low-energy tail of
included only thermal shape effects reproduces the data quitae hot GDR strength function. The fact that the possible
well. contribution of a superdeformed GDR in the high-energy
spectrum associated to a particular residue is small suggests
the need for a better cascade selection, as for instance by
) , choosing cascades leading to different configurati(BB

In summary, conclusions on three points related to thgng non-SD of the same residual nucley@5]. Conse-
study of they decay of the GDR in hot rotating nuclei are guently, the problem of the GDR in superdeformed nuclei
obtained. The first is that the measured GDR width reflect$emains an interesting topic to be addressed with more pow-

the average shape of the nucleus which, in agreement withyfy| experimental arrays such as, for example, EUROBALL
the model of thermal shape fluctuations, does not changg g GAMMASPHERE.

with increasing angular momentum. The present result, when
compared with the work on light and medium mass nuclei
[2,24] shows that angular momentum effects depend on the
nuclear moment of inertia. The second is that this experiment W.E.O. acknowledges support from NSF Cooperative
has provided a more complete test of the statistical modedgreement No. EPS 9550481, NSF Grant No. 9603006, and
decay of high-energy rays which has been shown to repro- DOE Contract No. DE-FG02-96ER40985. A.M. acknowl-
duce simultaneously the spectra associated with differerddges support from Polish KBN Grant No. 2 PO3B 001 16.

IV. CONCLUSIONS
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