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Giant dipole resonance in very hot nuclei of massA'115
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Gamma rays, light charged particles, and evaporation residues emitted from hot nuclei formed in the
36Ar190Zr reaction at 27 MeV/nucleon have been measured at the GANIL facility with the 4p barium fluoride
multidetector MEDEA. The combination of the residue and particle measurements shows that nuclei with
masses around 115 and excitation energies between 350 and 550 MeV are produced. Theg spectra measured
in coincidence with the evaporation residues exhibit three components: a low-energy statistical component, a
high-energy contribution due to nucleon-nucleon bremsstrahlung during the initial stages of the collision, and
a contribution from the decay of the giant dipole resonance built on highly excited states. The characteristics
of the bremsstrahlung component are in agreement with previously published systematics. Theg yield from the
decay of the giant dipole resonance remains constant over the excitation energy range studied. A comparison
with other experiments shows that theN/Z asymmetry in the entrance channel does not affect theg yield.
Statistical calculations performed using the codeCASCADE and supposing a fixed width and full sum rule
strength for the dipole resonance strongly overpredict the data. The hypothesis of a continuously increasing
width of the resonance with temperature gives a better agreement with experiment near the centroid of the
resonance but overpredicts theg spectra at higher energies. The best account of the data is given by assuming
a cutoff ofg emission from the resonance above an excitation energy of approximately 250 MeV. This cutoff
is discussed in terms of the time necessary to equilibrate the dipole oscillations with the hot compound nucleus.
Finally, some evidence is given for a possible new low-energy component of the dipole strength at very high
temperatures.@S0556-2813~96!05505-7#

PACS number~s!: 24.30.Cz, 25.70.Gh, 25.70.Ef
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I. INTRODUCTION

A spectacular and well-established result of nuclear ph
ics is the presence of giant resonance~GR! modes in nuclei
@1#, which demonstrates the persistence of strongly collec
excitations in fermionic systems with a small number of co
stituents. A natural question that arises is the evolution
such collective motion of nucleons in highly excited nucl
which are presumptively chaotic systems. The field of
study of giant resonances built on excited nuclear states
launched in 1955 by Brink@2#, who proposed that giant reso
nances could be built on all nuclear states, and that t
properties should not depend significantly on the nucl
state. Experimental investigations have focused on the g
dipole resonance~GDR!, which has a sizableg-decay
branch, of the order of 1023, allowing a rather straightfor-
ward measurement of its characteristics. The first experim
tal observation of a GR built on an excited state was repo
in a proton capture (p,g) experiment on11B where the GDR
built on the first excited state of12C was observed@3#. From
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subsequent (p,g) experiments on various other light nucle
@4# emerged a coherent picture supporting the Brink hypot
esis. The field fully matured with the use of heavy ion
beams, which offer the possibility, through fusion reaction
to study the GDR built on highly excited continuum states i
a large variety of nuclei@5#. Above the bombarding energies
where complete fusion is the dominant reaction mechanis
it is possible to produce even hotter compound nucl
through either incomplete fusion or deep inelastic reaction
The measurement ofg rays emitted from nuclei formed by
both these reaction mechanisms has yielded information
the characteristics of the GDR built on continuum states wi
excitation energies reaching as high as 5 MeV/nucleon@6#.
At moderate excitation energies (E*,2 MeV/nucleon!, the
characteristics of the GDR will provide insight into the
shapes and fluctuations of hot nuclei. At higher temperatur
one may expect to probe the limits of collective motion i
nuclei, and obtain information on the time scales for equil
bration and decay of highly excited nuclear species.

The most extensive systematics concerning the GDR bu
on continuum states have been established for nuclei of m
around 110, which have near spherical ground states. Wh
account is taken for eventual ground state deformation, r
sults for other mass regions can be considered as similar.
the remainder of the paper we will concentrate on the ma
110 region.
2258 © 1996 The American Physical Society
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53 2259GIANT DIPOLE RESONANCE IN VERY HOT NUCLEI OF MASSA'115
The GDR can be characterized through three paramet
its centroid energyE, width G, and sum-rule strengthS,
expressed as a percentage of the Thomas-Reiche-Kuhn
rule ~TRKSR!. The characteristics of the GDR built on th
ground state have been well known for several decad
through (g,n) reactions@7#. For spherical nuclei, the line
shape of the GDR can be represented by a single Lorentz
function. In the case of110Sn the parameters are centroi
energy E0516 MeV, width G054.8 MeV, and strength
S5100% of the TRKSR. To briefly review the case of th
GDR built on hot nuclei, we will divide, for experimenta
reasons, the excitation energy scale into three regions: be
130 MeV, between 130 and 300 MeV, and above 300 Me

For moderately hot nuclei in the first region, the expe
mental characteristics of the GDR are now well establish
@6#: The centroid energy remains practically constant at
MeV, the width increases up to about 12 MeV at 130 Me
excitation energy, and full sum-rule strength is retaine
Since the nuclei studied are formed in complete fusion re
tions, it seems logical to associate the increasing GDR wi
with the increase of the maximum angular momentum pop
lated in the reaction, which will influence the deformation o
the excited nuclei@8#. Recent experimental studies, where
spin spectrometer was used in order to select different ini
angular momenta, seem to corroborate this interpretation@9#.
Thermal effects may also contribute to the width increase,
shown in studies using inelastic scattering ofa particles to
excite the GDR in nuclei with very low angular momentum
@10#. In the recent work of Pierroutsakouet al. @11#, using
heavy ion fusion reactions, the data are fitted just as w
supposing an evolution of the GDR width dominated by a
gular momentum or excitation energy effects.

For hotter nuclei between 130 and 300 MeV, the centro
energy and percentage of the TRKSR still remain consta
whereas different analyses have yielded divergent res
concerning the evolution of the GDR width. Experiments b
Bracco et al. @8# and more recently Hoffmannet al. @12#,
using fusion reactions, and Enderset al. @13#, where the ex-
cited nuclei are produced in deep-inelastic collisions, led
the conclusion of a saturation of the width at a value arou
12 MeV. This behavior would be in line with the assumptio
that the evolution of the width is dominated by angular m
mentum effects, since the maximum angular momentum t
a Sn nucleus can sustain before fission is reached in react
producing Sn nuclei at 130 MeV excitation energy@8#.
Yoshida and co-workers@14,15# have fitted their results with
a continuously increasing width. Such an evolution is su
ported by theoretical calculations based on the Land
Vlasov equation@16,17#, where the increase of nucleon
nucleon collisions with temperature results in a broadeni
of the resonance.

While the g-ray multiplicity from GDR decay increases
up to 300 MeV excitation energy, in agreement with 100
sum-rule strength, this seems no longer to be the case
higher energies, where a saturation of theg yield has been
observed@14,15,18,19#. One possible explanation for this
saturation would be a rapid continuous increase of the GD
width with temperature@16,17,20#. GDR g rays would then
be spread over a very large energy range and thus contrib
very little to the region near the centroid of the resonan
@14,15#. Alternatively, this saturation may be an indication o
rs,
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a loss of collectivity of very hot nuclei@18,21#. A hindrance
of the g emission due to the time necessary to couple the
GDR to the compound nucleus has also been invoked@22#.

In order to investigate in detail the open questions con-
cerning the width and strength of the GDR in nuclei around
mass 110, at excitation energies above 300 MeV, we have
measured theg-ray emission from36Ar190Zr collisions at
27 MeV/nucleon. At such a high bombarding energy, com-
plete fusion, if it persists at all, makes up only a very small
part of the reaction cross section. Therefore the experimenta
setup, described in Sec. II, was designed, not only to observ
theg rays arising from GDR decay with high efficiency, but
also to pin down as precisely as possible the excitation en
ergy and temperature of the hot nuclei through the coinciden
measurement of evaporation residue velocities and ligh
charged particle spectra and multiplicities. Section III will be
devoted to these excitation energy measurements. In Sec. I
the g-ray spectra will be presented and their evolution with
excitation energy will be discussed. Theg-ray yield from the
GDR will be compared with the predictions of standard sta-
tistical model calculations in Sec. V. Section VI contains a
comparison of the data with recent theories put forth to ex-
plain the saturation of theg yield from the GDR at high
excitation energies. Conclusions will be drawn in Sec. VII.
Some of the results discussed in this paper have previousl
been presented@23–30# or published@31#.

II. EXPERIMENTAL METHODS

In order to produce hot nuclei through incomplete fusion
reactions, a 300mg/cm2 90Zr target was bombarded with the
27 MeV/nucleon36Ar beam from the GANIL facility, with
an average intensity of 10 nA.

Gamma rays and light particles were detected with the
MEDEA multidetector@32# ~see Fig. 1!, which consists of a
ball built with 180 barium fluoride~BaF2) crystals, located
at 22 cm from the target, which covers the angular range
between 30° and 170°, and a solid angle of 3.37p. The
crystals are arranged in rings, each ring corresponding to
fixed polar angleQ and covering 360° in azimuthal angle
f. The crystals are truncated pyramids 20 cm in length, in
order to minimize the cross talk and to optimize the resolu-

FIG. 1. View of the experimental setup showing the MEDEA
detector and the two forward PPAC’s.
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tion for the measurement of high-energy charged partic
andg rays. The system is completed by a forward phoswi
wall covering the angles between 10° and 30°. To allow f
the simultaneous measurement ofg rays and light charged
particles the entire system operates under vacuum insid
large scattering chamber. The following discussion will b
restricted to the results obtained with the BaF2 detectors.

To obtaing-ray and particle identification the BaF2 signal
is charge integrated during two gates, a fast gate 30 ns lo
and a total energy gate, 700 ns long. Moreover, a time
flight measurement, with a resolution of approximately 1 n
is performed between each BaF2 detector and the cyclotron
radio frequency. Figure 2 presents two-dimensional time
‘‘total energy’’ ~a! and ‘‘fast’’ vs ‘‘total energy’’ ~b! scatter
plots for a detector in the ring centered at 83°. By applyin
contours to these planes, an unambiguous separation og
rays from light particles is achieved. Low-energy neutro
~below approximately 20 MeV! give the same pulse shape a
g rays @33# and are separated by the time of flight measur
ment. High-energy neutrons give a pulse shape similar
protons and are separated from theg rays in the ‘‘fast’’ vs
‘‘total energy’’ plane. However, the contamination of th
proton spectra by high-energy neutrons is small due to
low efficiency of the BaF2 detector to such particles@34#.
The electronics were adjusted in order to minimize the d
tection thresholds for light charged particles; however, th

FIG. 2. ‘‘Time of flight’’ vs ‘‘total energy’’ ~a! and ‘‘fast’’ vs
‘‘total energy’’ ~b! scatter plots for a BaF2 detector located in the
ring centered atQ583°. Thex axis is calibrated in MeV forg rays.
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setting reduced the quality of the mass identification o
Z51 species, inducing a small deuteron contamination o
the proton spectra, mainly at the most forward angles.

The BaF2 detectors were calibrated in energy with the
4.4 and 6.1 MeV gamma rays from AmBe and PuC
sources, respectively. These calibrations were checked
measuring cosmic rays@32# and 15.1 MeVg rays from
the 36Ar112C reaction. The light charged particle calibration
was deduced from theg calibration using the results of a
calibration run performed with light particle beams@35#. In
order to take into account the detector response, all the the
retical calculations presented in this paper have been folde
with the detector response function, following the method
developed in Ref.@36#, which are based on the codeEGS3.

Fusionlike residues were detected in two rectangular pa
allel plate avalanche counters~PPAC’s! located in front of
the phoswich wall at a distance of 48 cm from the target
covering between 6° and 22° on either side of the beam a
shown in Fig. 1. Figure 3 shows a time of flight versus en
ergy loss scatter plot for one of the counters. The start of th
time of flight measurement was given by the cyclotron radio
frequency. The accumulation at small flight times and low
energy losses corresponds to projectilelike fragments whic
have a velocity close to the beam velocity. The events wit
low energy losses but long flight times correspond to slow
targetlike fragments, probably produced in peripheral colli
sions. The fusionlike residues exhibit a maximum at large
energy losses, prolonged by a tail running towards longe
flight times which correspond to more and more incomplete
momentum transfers. These fusionlike events, enclosed
the contour in Fig. 3, were retained for the analysis. The
events on the rather weakly populated line joining the fusio
residues with the projectilelike region are probably due to
incompletely relaxed binary collisions~deep-inelastic! and/or
fission events, and were not included in the analysis. Th
time of flight spectrum was calibrated using a time calibrato
and the position of the elastic peak which was obtained in
run where the PPAC information was recorded in anticoin
cidence with the MEDEA ball.

The trigger was given by one PPAC firing in coincidence

FIG. 3. Two-dimensional energy loss vs time of flight scatter
plot for one of the PPAC’s. TLF, PLF, and ICF indicate targetlike
fragments, projectilelike fragments, and incomplete fusion residue
respectively. The events retained for the analysis are enclosed in t
contour line.
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53 2261GIANT DIPOLE RESONANCE IN VERY HOT NUCLEI OF MASSA'115
with at least one BaF2 detector. This trigger requirement
effectively eliminates all cosmic ray contamination of theg
spectra. Only those events with at least oneg ray with en-
ergy greater than 6 MeV were treated in the analysis.

III. CHARACTERIZATION OF THE HOT NUCLEI

As mentioned previously, at bombarding energies abo
10 to 15 MeV/nucleon, incomplete fusion takes over from
complete fusion as the main reaction mechanism for cent
collisions. It thus becomes necessary to characterize the
nuclei produced in the reaction. This will be attempted he
by two methods, the measurement of the velocity of the i
complete fusion residues, from which the initial excitatio
energies of the nuclei can be deduced through a react
model, and the measurement of the emitted light particle
which is in principle more model independent.

A. Residue velocities

A widely used method for characterizing the composi
system formed in incomplete fusion reactions is the measu
ment of the velocity of the evaporation residues. The line
momentum transfer~LMT ! @37#, the mass of the composite
system, and its excitation energy can be deduced from t
velocity by applying a massive transfer model@38#. In this
simple, but somewhat crude reaction model, part of the lig
partner, here the projectile, fuses with the target, while th
remainder acts as a spectator, and pursues a straight-line
jectory with the velocity of the beam. Moreover, it is as
sumed that subsequent particle emission is isotropic, a
does not modify the average velocity of the recoilin
nucleus.

From the time of flight spectrum presented in Fig. 4, w
calculate a mean residue velocity of 80% of the center
mass velocity, corresponding to a LMT of about 75% of th
full momentum transfer for fusionlike events, which corre
sponds to an excitation energy of about 560 MeV, and
mass ofA'115. This is in good agreement with the Viola
systematics for momentum transfer as a function of bom
barding energy@37#.

The time spectrum is broad, showing that a wide range
LMT’s, and thus of excitation energies, is populated in th
reaction. This is a very attractive feature of intermediat

FIG. 4. Time spectrum for one of the PPAC’s. The three velo
ity bins used in the analysis are shown together with the position
the elastic peak determined as described in the text.
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energy heavy ion reactions since, as long as the hot nuc
produced can be correctly characterized, extended excitat
functions can be measured at a single bombarding ener
This property will be used here to follow the evolution of
g-ray emission as a function of excitation energy. The da
have been divided into three bins, depicted in Fig. 4, ce
tered, respectively, at 52%, 69%, and 92% of the center
mass~complete fusion! velocity, and corresponding, accord-
ing to the massive transfer model, to mean LMT’s of 40%
65%, and 90% of full LMT, to mean initial excitation ener-
gies of 360, 480, and 630 MeV, and to initial masses of 10
113, and 122, respectively.

The massive transfer hypothesis is unfortunately an ove
simplified representation of the complex reality o
intermediate-energy heavy ion collisions. Even if one con
siders that the foundation of the model, a substantial ma
transfer from projectile to target, is a reasonable startin
point to interpret these interactions, two main effects wi
tend to undermine the reliability of the determination an
selection of excitation energies based on this model. First,
this high bombarding energy, preequilibrium particle emis
sion becomes important and is not correctly taken into a
count, since the massive transfer hypothesis supposes tha
nonequilibrium particles are emitted at zero degrees with th
beam velocity, which is certainly a poor approximation. Sec
ond, a large number of particles are evaporated during t
deexcitation of the compound nucleus. This will not affec
the mean measured LMT but will tend to smear out the re
lationship between residue velocity and initial excitation en
ergy. An additional measurement of other observables is ne
essary to corroborate that the different velocity bins trul
correspond to different excitation energies. Here we will ana
lyze the proton spectra in order to extract the temperatures
the hot nuclei.

B. Proton spectra

For each velocity bin, proton spectra measured in coinc
dence with evaporation residues were extracted for seve
angles covering between 69°,u lab,160°. It was checked
that the data reduction condition requiring ag ray with en-
ergy above 6 MeV had no influence on the extracted proto
spectra. A representative example for the highest velocity b
is given in Fig. 5. The spectra were analyzed in terms of
moving source fit. In incomplete fusion reactions, light par
ticles are usually considered to be of three origins: statistic
evaporation from the hot compound nucleus, statistic
evaporation from the projectilelike remnant, and fast pa
ticles of nonstatistical origin. This nonequilibrium compo-
nent is generally thought to be due to nucleon-nucleon co
lisions taking place during the early stages of the reactio
@39# and/or to preequilibrium particles emitted by the com
pound nucleus before thermalization. This contribution i
commonly fitted by an intermediate-velocity source exhibit
ing a high apparent temperature. The projectilelike remna
has a velocity close to the beam velocity and a low temper
ture and thus will only contribute particles at very forward
angles, outside the angular range investigated here. The
fore, only two surface-type Maxwellian sources, a compoun
nucleuslike~CN! source and an intermediate-velocity~IV !
source, were necessary to fit the data over the angular ran

-
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2262 53T. SUOMIJÄRVI et al.
studied. In the fits the source velocity and temperature a
the multiplicity of emitted particles were considered as fre
parameters. The result of the fit for the highest velocity bin
shown by solid lines in Fig. 5. The relative contributions o
the two sources are represented in Fig. 6 for a forward an
and backward angle spectrum. It is interesting to note t
even at backward angles the contribution of the IV source
non-negligible for high-energy protons. This shows that t
CN temperature cannot simply be inferred from the ra
slope of the proton spectra, even measured at the most b
ward angles.

The extracted parameters of the sources are given
Table I, and are in reasonable agreement with those extra
for similar reactions in Refs.@40,41#. The multiplicity, ap-
parent temperature, and velocity of the compound nucle
source clearly increase between the first two velocity bin
confirming that these two bins correspond to hot nuclei w
significantly different temperatures. However, these para
eters tend to saturate for the highest residue velocity b
Such a behavior can be explained by the broadening of
LMT distribution due to evaporation as discussed abov
One may also be approaching the limiting temperature tha
nucleus can sustain before multifragmentation or vaporiz
tion sets in. It can also be noted that the CN source velocit

FIG. 5. Proton energy spectra at various angles in coincide
with fusionlike residues from the highest-velocity bin. Solid line
are the result of the fit described in the text.
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extracted from the moving source fits are in reasonab
agreement with the measured residue velocities, underlin
the consistency of the analysis. Note that the proton mu
plicities for the CN source are much lower than those pr
dicted for such highly excited nuclei by well-established st
tistical codes such asCASCADE @42# or GEMINI @43#, which
yield a multiplicity of around 6 at 500 MeV excitation en-
ergy. Such low proton multiplicities have already been o
served in studies of similar systems@44#, and remain hitherto
unexplained.

The intermediate source shows a rather different behavi
Its temperature and velocity do not vary significantly, whil
the multiplicity increases with increasing LMT. This is quali
tatively in agreement with a scenario in which these ‘‘pre
equilibrium’’ protons are produced by first- and/or low-orde
nucleon-nucleon collisions and thus their multiplicity reflec
the size of the interacting region. Such a behavior has
ready been observed at higher beam energies@39#, and sug-
gests that the highest LMT’s come from the most centr
collisions.

C. Initial excitation energies and temperatures

The temperatureTCN extracted from the moving source fit
is a value averaged over the entire decay chain of the
nucleus. The ratio between this apparent temperature and
initial temperature (T init) depends strongly on the type o
particle considered. In the literature the value for the rat
Tinit /TCN is given to be approximately 1.3 in the case o
protons for systems in the mass and temperature region s
ied here@45#. Using this relationship the following initial
temperatures were obtained for the three residue veloc
bins: 6.0, 6.8, and 7.0 MeV.

The excitation energy is generally inferred fromT init
through the relationshipE*5aT2 given by the Fermi gas
model wherea5A/K is the level density parameter. Dis-
counting the highest-velocity bin, the best agreement b
tween the excitation energies deduced from the temperat
measurements and those from the velocity measuremen
obtained by usingK511 MeV. With this value, an excitation
energy of 550 MeV is deduced for the highest-velocity bin
clearly lower than the value given by the massive transf
model. The excitation energies quoted in the following wi
be 350, 500, and 550 MeV, corresponding toK511 MeV.
This value is in reasonable agreement with recent theoreti
calculations@46# which predict an increase of the level den

ce
e

-

FIG. 6. Proton spectra at two angles in coin-
cidence with fusionlike residues for the highest-
velocity bin. Solid lines are the result of the fit
with two sources. Dashed and dotted lines are th
contributions of the intermediate-velocity source
and the compound nucleuslike source, respec
tively.
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TABLE I. Multiplicities, temperatures, and velocities of the two sources extracted from the mo
source fits.

LMT MCN TCN ~MeV! vCN /vc.m. M IV TIV ~MeV! v IV /vbeam

40% 1.6760.08 4.6560.15 0.5960.03 1.5760.06 9.6260.10 0.5260.01
65% 1.8960.10 5.2060.20 0.7860.04 2.0560.09 9.9360.09 0.5260.01
90% 2.0060.11 5.3560.20 0.8260.04 2.5060.11 10.2660.11 0.5160.01
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sity parameter for Sn nuclei fromK58.5 MeV at zero tem-
perature toK512 MeV aboveT55 MeV, a trend which is
corroborated by several experimental studies@44#.

Several previous studies of similar systems have yield
comparable values for the excitation energies and tempe
tures of the hot nuclei formed in incomplete fusion reaction
For the reaction28Si1100Mo at 25 MeV/nucleon@41#, exci-
tation energies between 200 and 400 MeV were extrac
depending on momentum transfer. These values are sligh
lower than those obtained in the present work but can
understood as due to the lower projectile mass. In the re
tion 32S1Ag at 30 MeV/nucleon@40#, initial compound
nucleus temperatures ranging from 6.0 to 6.7 MeV were d
termined from fits to thea-particle spectra, in excellent
agreement with the present results obtained from the pro
spectra. Note that in this study an estimation of the angu
momentum of the hot nuclei was also attempted, and valu
ranging from 30\ to 50\ are reported, depending on residu
velocity. In the reaction40Ar1Ag at 27 MeV/nucleon@47# a
combination of fits to the proton anda-particle spectra
yielded initial temperatures between 5.7 and 6.7 MeV, d
pending on linear momentum transfer, again in remarkab
agreement with our analysis.

It is now well established that Boltzmann-Nordheim
Vlasov calculations give a reasonable description of the m
features of intermediate-energy heavy ion collisions@48#. It
is thus interesting to study the excitation energies predic
by such calculations for the present reaction. The calcu
tions were performed using the codeBNV @49#. The calcula-
tion was run for several impact parameters between 1 an
fm for the reaction36Ar190Zr at 27 MeV/nucleon. At 7 fm
the excited system fissions but for smaller impact paramet
a mechanism akin to incomplete fusion seems to be pres
leading to hot nuclei with mean excitation energies of abo
450 MeV and mean masses of 120.

The determination of excitation energies reached in t
incomplete fusion regime is a demanding task, and the v
ues reported here and in previous work must be conside
with rather large error bars. However, two main conclusio
can be drawn from the above argumentation, which provi
a firm basis for the subsequent analysis of theg spectra.
First, the mean excitation energy reached in the react
studied is about 500 MeV. Second, a clear evolution of t
excitation energy is observed between the two lowe
residue-velocity bins, making possible a study of the evol
tion of theg spectra with increasing temperature, which wi
be undertaken in the following section.

IV. GAMMA SPECTRA

A. Raw g spectra

Figure 7 shows rawg spectra measured at different angle
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in coincidence with fusionlike residues of the 500 MeV ex-
citation energy bin. These spectra can be qualitatively unde
stood as being composed of three components. At low ene
gies statisticalg rays emitted by the compound nucleus at
the end of its decay chain give rise to a steep exponenti
decay. The high-energy photons, above 35 MeV, show a
exponentially decaying spectrum. These photons have be
interpreted as due to the nucleon-nucleon bremsstrahlun
during the initial stages of the collision process@50#. Cen-
tered at about 15 MeV, a bump can be seen at all angle
corresponding tog rays from the decay of the GDR excited
in nuclei of mass around 115. The spectra at all angles a
qualitatively very similar. Slight differences in spectral
shapes are due to Doppler shift effects. During the analys
only events containing at least oneg ray of energy larger
than 6 MeV were considered; therefore, the spectra are di
played only for energies above 6 MeV.

FIG. 7. Raw gamma spectra at various angles in coincidenc
with fusionlike residues for the excitation energy bin centered a
500 MeV.
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2264 53T. SUOMIJÄRVI et al.
Figure 8 shows the gamma spectra measured in coin
dence with fusion events for the three different excitatio
energy bins. The spectra are summed over the BaF2 detec-
tors of the rings centered atu lab583° andu lab597° where
the Doppler shift is negligible. These spectra are presented
units of differential multiplicity, normalized over 4p, i.e.,
number ofg rays per fusionlike residue and perg-energy
interval. The number of fusionlike residues for each run w
deduced from a minimum bias run where only the PPA
triggered the acquisition system, by using the integrat
beam current measured in a Faraday cup and taking i
account the electronics and computer dead time. The m
sured differential multiplicities are estimated to be accura
within 10%. This systematic uncertainty is not included i
the error bars.

B. Bremsstrahlung component

In this subsection we will concentrate on the bremsstra
lung component which must be subtracted from the spec
before an analysis of the GDRg yield can be performed. The
high-energyg yield can be represented by an exponenti
function, fitted to the spectrum forEg.35 MeV. Note that
the statistics in the high-energy region is large enough
allow for a precise determination of the slope. The slop
parameter for all three bins is 9.561.0 MeV. This parameter
depends essentially on bombarding energy and the value
tracted here is in good agreement with the known system
ics for nucleon-nucleon bremsstrahlung@50#. Moreover, the
high-energyg yield integrated above 35 MeV increases wit
increasing LMT, as shown in Fig. 9. The solid line corre

FIG. 8. Solid circles represent theg spectra measured around
90° for the three bins corresponding to mean excitation energies
550 MeV ~top!, 500 MeV ~middle!, and 350 MeV~bottom!. The
error bars are purely statistical. Dashed lines are the exponential
for Eg>35 MeV. Open circles connected by solid lines are th
spectra after subtraction of the exponential extrapolated to low
ergy. In this case the error bars include statistical errors and e
mated uncertainties on the exponential fit.
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sponds to a constant ratio between the high-energyg yield
and the linear momentum transfer and gives an excelle
account of the experimental evolution. This evolution can b
understood in the framework of a simple geometrical mod
where the number of nucleon-nucleon collisions is propo
tional to the overlap volume of the two colliding partners
and thus to the linear momentum transfer. This shows th
the hard photon multiplicity is a measure of the impact pa
rameter as already observed at higher bombarding ene
@51,52#. The observed evolution of the bremsstrahlung mu
tiplicity confirms that the different residue velocity bins cor
respond to reactions at different impact parameters as alre
shown by the proton measurements.

It should be noted that bremsstrahlungg rays contribute
also to the region below 35 MeV, where they no longe
dominate the cross section, and thus their contribution
difficult to determine experimentally. In the case o
the 12C1112,124Sn reactions at 7.5 and 10.5 MeV/nucleo
@53# the nonstatistical gamma component has been extrac
down to 20 MeV gamma energy and is seen to retain
exponential shape. This experiment was, however, pe
formed at a much lower bombarding energy than ours. Fro
the theoretical point of view, for14N112C and 208Pb reac-
tions at 20, 30, and 40 MeV/nucleon, the bremsstrahlun
component down to 20 MeV gamma energy was calculat
using the Boltzmann master equation approach@54#. The cal-
culated spectra are seen to retain an approximately expon
tial shape down to 20 MeV even though a slight increas
with respect to an exponential is observed between 20 and
MeV. Another calculation, using the molecular dynamics ap
proach, was performed by for light systems at 40 and 8
MeV/nucleon@55#. This calculation shows an approximately
exponential shape down to 10 MeV if coherence effects a
not taken into account. The inclusion of such effects in
creases the gamma yield at low energies. From the abo
considerations it seems that an exponential shape for
bremsstrahlung component is a reasonable approximation
least down to 20 MeVg energy. Therefore, to subtract this
component we have chosen to extrapolate the exponentia
down to low energies. Below 20 MeV, the assumption of a
exponential is somewhat uncertain. However, here t
bremsstrahlung component is small compared to the to
cross section, and a variation of its shape would not signi
cantly affect the remaining yield in this region.

of

fits
e
en-
sti-

FIG. 9. Multiplicity of hard photons (Eg>35 MeV! as a func-
tion of LMT. The solid line corresponds to a constant ratio betwee
the high-energyg yield and the LMT, and is arbitrarily normalized
at the highest LMT.
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53 2265GIANT DIPOLE RESONANCE IN VERY HOT NUCLEI OF MASSA'115
In Fig. 8 are shown the spectra for the three LMT bin
from which the bremsstrahlung component has been s
tracted. The error bars take into account both statistical err
and errors on the slope and normalization of the bremsstr
lung component, encompassing a possible small error on
shape of the component.

C. Saturation of the g yield from GDR decay

To investigate the evolution of theg decay from the
GDR, theg multiplicity was integrated over two regions
from 12 to 20 MeV and 20 to 35 MeV. The first region
encompasses the bulk of the GDRg rays but the second is
also dominated by the GDR decay. Therefore, to constr
different theoretical interpretations it is important to also in
vestigate the high-energy region of the spectra. The in
grated yields are presented in Fig. 10 for the three excitat
energy bins. The remarkable feature is that theg yields ob-
tained for the two energy regions increase only very sligh
over the excitation energy region populated in the pres
reaction and can even be considered constant within the e
bars. This behavior exhibits a marked change with respec
the evolution of theg yield observed at lower excitation
energies, which showed a monotonic increase with excitat
energy@6#. This saturation of the GDRg yield at high exci-
tation energies confirms the earlier results obtained

FIG. 10. Calculated and experimentalg yields between 12 and
20 MeV ~a! and 20 and 35 MeV~b! as a function of excitation
energy. Points, experimental results; solid line, standardCASCADE

calculation; long-dashed line,CASCADE calculation with increasing
GDR width; short-dashed line,CASCADEcalculation with cutoff~see
text, Sec. VI B!. ~c! Inverse slope of theg spectra between 20 and
35 MeV after bremsstrahlung subtraction compared to the slo
given by theCASCADE calculations with increasing GDR width~see
text, Sec. VI B!.
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the 40Ar192Mo reaction at 21 and 26 MeV/nucleon@56#,
reported for the region between 12 and 20 MeV. It is also i
qualitative agreement with the results of Ref.@18# for
the 40Ar170Ge reaction at 15 and 24 MeV/nucleon.

Moreover, the absolute value of the integrated multiplicity
in the region between 12 and 20 MeV is about 431023

which is in good agreement with the yield reported for
the 40Ar192Mo reaction in Ref.@56#. Chomazet al. @57#
predict that theg multiplicity should depend strongly on the
dipole moment in the entrance channel. If the two partner
exhibit very differentN/Z ratios, inducing a large dipole
moment in the entrance channel, the GDR will be explicitly
excited at the time fusion occurs. These authors thus expec
larger g yield for the present reaction@(N/Z)proj51,
(N/Z) targ51.25# than for the reaction of Ref.@56#
@(N/Z)proj51.22, (N/Z) targ51.19#. No such effect is ob-
served in the data.

V. STANDARD STATISTICAL MODEL CALCULATIONS

A large number of factors governsg-ray emission. In par-
ticular, g rays from GDR decay can be emitted at all step
during the decay chain of the hot nucleus, and therefore th
measuredg spectrum is not a direct reflexion of theg emis-
sion from the compound nucleus at its initial temperature
but rather an average over all temperatures from the initia
temperature down to zero. Consequently, a more quantitati
analysis of the spectra calls for comparisons with statistica
calculations, which take into account the entire decay se
quence. Such analyses are generally carried out using t
statistical decay codeCASCADE @42#. This code treats the
statistical emission ofg rays, neutrons, protons, and alpha
particles from an equilibrated compound nucleus with a
given initial excitation energy and angular momentum.

The statistical dipole photon emission rate is given by

RgdEg5
r~E2!

r~E1!
f GDR~Eg!dEg ,

where the factorr(E2)/r(E1) is the ratio of the level densi-
ties between the final and initial states differing by an energ
Eg 5 E12E2 and fGDR(Eg)5sabsEg

3 is theE1 density func-
tion which can be written

f GDR~Eg!5
4e2

3p\cmc2
SGDR

NZ

A

GGDREg
4

~Eg
22E GDR

2 !21GGDR
2 Eg

2 .

Here sabs represents the photoabsorption cross sectio
and EGDR, G GDR, and SGDR are the energy, width, and
strength of the GDR, respectively. A Lorentzian line shape i
assumed for the GDR, as in the case of cold nuclei measur
in photonuclear reactions. Dipole emission is expected t
dominate the spectrum but a small contribution from quad
rupole decay cannot bea priori ruled out. It can be included
in the statistical calculation in analogy with the above equa
tion.

The level density parameter is a crucial ingredient in th
statistical model calculations. As discussed in Sec. III C thi
parameter shows a strong temperature dependence and t
cannot be kept constant along the decay chain during th
calculation. Reference@46# proposes a parametrization of the

pe
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2266 53T. SUOMIJÄRVI et al.
level density parameter for Sn nuclei which varies fro
a5A/8.5 at zero temperature toa5A/12 aboveT'5 MeV
following

a~T!5
~110.4e2~T/3!2!

12
A.

This level density parametrization was used in all the calc
lations. The influence of changes in the level density para
eter will be discussed below.

The influence of the initial compound nucleus angul
momentum was investigated and seen to be very small
long as it is assumed that the spin does not influence the
shape of the GDR. The determination of the spin distributio
for hot nuclei formed in incomplete fusion reactions is no
straightforward. We have chosen to perform the calculatio
for an initial spin of 50\, close to the value extracted in Ref
@40# for similar reactions. This value is also close to th
maximum angular momentum that a Sn nucleus can sus
before fission occurs.

In the following calculations the centroid energy of th
GDR is assumed to depend on mass asEGDR576.5A21/3 @7#.
The sum-rule strength is taken equal to 100% of the TRKS
The GDR width is kept constant along the decay chain, eq
to 12 MeV, which is the saturation value observed in seve
studies@8,12,13#. The influence of a width increasing with
temperature will be investigated in Sec. VI.

We will first evaluate the contribution of quadrupole de
cay on the spectra. Up to now the giant quadrupole res
nance has not been clearly identified built on excited stat
For lack of better information, we have considered the co
tribution of the isoscalar giant quadrupole resonance~IS-
GQR! and the isovector giant quadrupole resonan
~IVGQR! with the parameters reported for these resonanc
at zero temperature. The parameters of th
ISGQR are well known from numerous experiments@1#. For
the nuclei considered here, it exhausts 50% of the ener
weighted sum rule~EWSR! atE ISGQR565A21/3 MeV with a
width of 3.2 MeV. Only scarce experimental results exist fo
the IVGQR. However, it has been observed in several nuc
with a sum-rule strength varying from 50% to 100% an
with an energy that can be parametrized b
EIVGQR5130A21/3 @58,59#. It was included in the calculation
with 70% of the EWSR and a width of 8 MeV. Figure 11~a!
shows the results of the calculations performed at 500 M
of excitation energy, with~dashed line! and without~solid
line! inclusion of the quadrupole resonances. The ISGQ
located near the same energy as the GDR, contributes o
about 1% of the cross section at this energy. The contribut
of the IVGQR is small but visible in the region above 2
MeV. However, it can be concluded that the spectrum
dominated by GDR decay and in the following the GQR wi
no longer be included in the calculations.

In order to compare with the experimental spectra, all t
calculated spectra have to be folded with the detector
sponse. This was done following the methods described
Ref. @36# based on the codeEGS3. Figure 11~b! shows the
spectrum of Fig. 11~a! including only the GDR~solid line!
together with the same spectrum folded with the detec
response~dashed line!.

Figure 12 shows the gamma spectra measured for the
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and 500 MeV excitation energy bins after subtraction of th
bremsstrahlung component. The solid lines correspond to
standardCASCADE calculations described above using th
temperature-dependent level density parameter. The lo
energy region is rather well reproduced by the calculation
Note that there is no arbitrary normalization involved here
In the region of the GDR the calculations largely oversho
the data. This can be correlated with the observed saturat
of the GDRg yield since the calculated yield increases wit
excitation energy due to the larger number of decay steps
the cascade. The dashed line presented in the 500 MeV c
corresponds to a calculation done by using a fixed val
A/10 of the level density parameter. The use of a consta
level density parameter slightly influences the spectral sha
but does not modify the above observations. In the followin
the variable level density parameter will be retained.

FIG. 11. ~a! CASCADEcalculations at 500 MeV excitation energy
without ~solid line! and with ~dashed line! inclusion of quadrupole
resonances.~b! CASCADEcalculations at 500 MeV excitation energy
before~solid line! and after~dashed line! folding with the detector
response.

FIG. 12. Gamma spectra for the 350 MeV and 500 MeV exc
tation energy bins after bremsstrahlung subtraction compared w
standardCASCADE calculations~solid lines!. In the 500 MeV case
the dashed line is a calculation using a constant level density p
rametera5A/10.
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Experimentally, theg yield is observed to saturate as
function of excitation energy in the whole region where th
GDR dominates the spectra. Standard statistical calculati
cannot reproduce this trend. The elucidation of the mech
nism responsible for this quenching could be the key to t
understanding of the limits of well-ordered collective motio
in nuclei. However, many interwoven effects may play a ro
in the observed saturation and have generated much theo
cal work @17,20–22#. The following section will be devoted
to a comparison of theses models with the data.

VI. THEORETICAL MODELS

A. Calculations

Theoretical descriptions point to two main effects whic
can lead to the saturation of the GDRg multiplicity at high
excitation energies: a suppression of the GDR at high te
peratures@21,22# or a rapid increase of the GDR width with
temperature@16,17,20# which leads to a depletion of the
gamma yield in the region around 15 MeV since the GD
g rays are spread over a wide energy range.

The model of Bortignonet al. @22# takes into account the
equilibration time of the GDR with the compound nucleu
At high excitation energies this time is much longer than th
particle evaporation time, which precludes the emission
the GDRg rays during the first stages of the decay cascad
In this model the probability forg decay at each step of the
cascade is reduced byG↓/(G↓1Gev), referred to as the pre-
equilibrium factor, whereG↓ is the spreading width of the
GDR, andGev is the particle evaporation width. Here the
ground state spreading width (G↓5G054.8 MeV! is used,
following Ref. @60#, according to which the thermal spread
ing width is temperature independent. The particle evapo
tion width increases rapidly as a function of excitation e
ergy, leading to a suppression of GDR gamma emission
the highest temperatures as shown by the solid line in F
13.

Chomaz@21# proposes that the quenching of the GD
strength is related to the fact that each individual partic
emission induces a strong fluctuation of the dipole mome
of the nucleus. When the temperature increases the time
tween two particle emissions becomes shorter than the ch
acteristic GDR vibration time. In such a case the motion
no longer characterized by the GDR frequency and the o
servedg spectrum will be flat. This argument leads to
reduction factor given by exp(22pG ev/EGDR) which is
shown by a dashed line in Fig. 13. The reduction predict
by this model has a similar energy dependence as for
preequilibrium model, but is much stronger.

Smerziet al. @16,17# predict a strong increase of the GDR
spreading width with excitation energy due to the dampin
through two-body collisions. This width can be parametrize
for all excitation energies byG GDR5G010.0026(E* )1.6, in
agreement with the experimental systematics of@61,62# be-
low 130 MeV excitation energy, but rising much faste
above. This evolution is shown by a dot-dashed line in Fi
14. In this calculation the preequilibrium factor discussed
the first case was also included. However, here the spread
width of the GDR (G↓) in this factor is temperature depen
dent and given by the above parametrization and therefore
effect is smaller as shown by the dot-dashed line in Fig. 1
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The reduction of the GDRg yield is mainly due to the large
increase of the width of the GDR rather than to preequilib
rium effects.

In another model, Chomaz@20# points out that, since the
observed GDR photons are coming from transitions betwee
two states of the compound nucleus which have finite life
times, the measured GDR width must contain the widths o
the initial and final states. This leads to a rapid increase o
the measured GDR width with temperature, as depicted by
dotted line in Fig. 14.

We have performed completeCASCADE calculations in-
corporating the prescriptions of these different models. Th
results of these calculations for 500 MeV excitation energ
are shown in the top part of Fig. 15.

The solid line shows the calculation following the pre-
equilibrium model of Ref.@22#. In this calculation, the total
width of the GDR was chosen to follow the experimenta
evolution compiled in @61,62#, i.e., parametrized by
G GDR54.810.0026(E* )1.6 MeV below 130 MeV excitation

FIG. 13. Reduction factor predicted by the models of Bortignon
et al. @22# ~solid line!, Chomaz@21# ~dashed line!, and Smerziet al.
@17# ~dot-dashed line! as a function of excitation energy.

FIG. 14. Evolution of the width of the GDR with excitation
energy as predicted by the models of Chomaz@20# ~dotted line! and
Smerziet al. @17# ~dot-dashed line!. The solid line represents the
experimental systematics of Refs.@61,62#.
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2268 53T. SUOMIJÄRVI et al.
energy and saturated at 12 MeV above 130 MeV. In th
region near the centroid of the GDR the yield is largely re
duced with respect to the standardCASCADE calculation and
even falls somewhat below the experimental points. The da
are well reproduced in the high-energy region but marked
underestimated between 8 and 12 MeV.

A calculation incorporating the reduction factor propose
by Chomaz@21# and using the same hypothesis as above f
the width of the GDR was also performed. The resultin
spectrum falls far below the experimental results in the ent
GDR region and is not shown.

The result of the calculation following the collisiona
damping model of Refs.@16,17#, which predicts a strongly
increasing GDR width, is presented by a dot-dashed line
Fig. 15. The yield is well reproduced in the region of th
centroid of the GDR but largely overestimated at higher e
ergies. One may wonder if this overestimation could be d
to an error on the slope or the normalization of the subtract
bremsstrahlung component. Recall, however, that the er
bars of the spectrum include uncertainties on the bremsstr
lung subtraction. Only the assumption of a complete absen
of the bremsstrahlung component, which would be in contr
diction with all known systematics, could lead to agreeme
between the data and the calculations in this high-ener
region. Again the yield is underestimated between 8 and
MeV.

Finally, the dotted line shows the prediction of the mode
taking into account the widths of the initial and final states o
the g decay@20#. The result is very similar to that of the
previous calculation with a slightly larger overestimation o
the data in the high-energy region.

FIG. 15. Top: gamma spectrum for the 500 MeV excitatio
energy bin after bremsstrahlung subtraction, compared w
CASCADE calculation including the theoretical prescriptions of Bor
tignon et al. @22# ~solid line!, Chomaz @20# ~dotted line!, and
Smerziet al. @17# ~dot-dashed line! ~see text!. Bottom: same spec-
trum compared to aCASCADE calculation ~dashed line! with
G GDR54.810.0026(E* )1.6 MeV.
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B. Discussion

Let us first consider the case of the continuously increa
ing GDR width. Both models which incorporate such an e
fect indeed lead to a decrease of the GDRg yield near the
centroid of the resonance. However, this is achieved at t
expense of of a marked overestimation of the data at high
energies. To study this effect we have performed for sever
excitation energies supplementary calculations without in
cluding any particular model, simply using a continuousl
increasing widthGGDR54.810.0026(E* )1.6 MeV @61# ~dot-
dashed line in Fig. 14!. The result of this calculation for 500
MeV excitation energy, shown by a dashed line in the bo
tom part of Fig. 15, is close to those obtained by using mo
els including a continuously increasing width. The integrate
g multiplicities for energy regions from 12 to 20 MeV and
from 20 to 35 MeV are compared to the experimental data
Figs. 10~a! and 10~b!, respectively. For reference the yields
for the standardCASCADE calculations are also reported in
this figure. The calculated yield in the 12–20 MeV region
lies slightly above the data but shows the same flat evolutio
with excitation energy. This is no longer the case in th
region between 20 and 35 MeV where the calculated yie
increases strongly with excitation energy, even faster that t
standardCASCADE calculation. Furthermore, the slope of the
calculated spectrum above 20 MeV increases with excitatio
energy in contradiction with the experimental slope as can
seen in Fig. 10~c!. This effect is simply understood from the
statistical dipole photon emission rate given in Sec. V. In th
equation the ratio of level densitiesr(E2)/r(E1) is roughly
proportional toe2Eg /T. With increasing temperature this fac-
tor tends to increase theg multiplicity at higher energies by
decreasing the slope of the spectrum. Moreover, the Lore
zian representing the GDR strength function is multiplied b
Eg
3 which shifts theg yield to higher energies when the GDR

width increases. Therefore the above conclusions can be g
eralized to all calculations which attempt to interpret th
quenching of the GDRg yield in terms of a continuously
increasing width of the GDR with temperature. In conclusio
the GDRg emission must be hindered by another mecha
nism than an increase of the width.

The proposal of Bortignonet al. @22#, to take into account
the equilibration time of the GDR with the compound
nucleus, discussed in the previous subsection, gives a reas
able account of the data~see Fig. 15!. This model predicts a
smooth cutoff of theg emission, as shown in Fig. 13. A
hypothesis of this model is that no giant dipole resonance
present at the time of formation of the compound nucleu
Such a hypothesis is probably reasonable if the projectile a
target have the sameN/Z ratio. However, in the present case
theN/Z ratios of the two partners are quite different and
substantial dipole moment is present in the entrance chann
One thus expects the presence of GDR phonons already
the very early stage of the reaction, before equilibration
achieved@21#. If these phonons have the same energy as t
GDR of the equilibrated compound nucleus, theirg decay
would populate the region of the GDR in the spectra. Th
would cast some doubt on the possibility to consistently a
ply this model to our data. However, it will be discussed
below that the fusing system may be deformed and thus t
dipole phonons could be shifted to lower energy@63#.
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The simplest way to simulate the completeg spectrum
above 12 MeV is to introduce a sharp suppression of theg
emission above a given excitation energy. Such a calculat
using a constant width of 12 MeV for the GDR, and a cuto
excitation energy of 250 MeV allows one to reproduce th
g spectra above 12 MeV measured for the all three excitat
energy bins, as shown in Fig. 16 for the 350 and 500 Me
bins. The integrated yields and the slope parameters are
plotted in Fig. 10, in good agreement with the data. Note th
the precise shape of the cutoff cannot be inferred from t
present data and different types of smooth cutoffs could a
reproduce the spectra.

An intriguing feature of the data is that all the calculation
underestimate theg yield between 8 and 12 MeV. Note also
that a similar trend can be found in the results of Gaardho” je
et al. @18# and also at much lower excitation energies a
pointed out by Thoennessen@64# in a comment on the work
of Morsch et al. @65# and further discussed in the reply o
Morschet al. @66# to the comment. Such low-energy strengt
can also be seen in the study of Chakrabartyet al. @61#,
where it is attributed to an artifact due to the incomple
subtraction of slow neutron capture events in the NaI cry
tals. The experiments of Refs.@18,65# were also performed
with NaI detectors; however, it is not clear if or how thes
neutron capture events were subtracted.

The present measurements were done with BaF2 de
tors, which do not present the same effect for neutron ca
ture. Moreover, a possible contamination of theg spectra in
this region by misidentified fast neutrons is ruled out by th
fact that the spectra corrected for the Doppler shift are ide
tical at all angles. One would expect a much larger contam
nation from fast neutrons at forward angles.

A possible explanation for the excess strength observ
here could be that the GDR is replaced by some stren

FIG. 16. Gamma spectra for the 350 and 500 MeV excitatio
energy bins after bremsstrahlung subtraction, compared w
CASCADE calculations including a cutoff of gamma emission abov
250 MeV.
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around 8 MeV as one approaches very high excitation en
gies. This tendency can be found in several random pha
approximation calculations at high temperatures@63,67,68#.
In a crude attempt to ascertain if such a hypothesis is co
patible with the data we have performedCASCADE calcula-
tions in which the GDR is replaced by a low-lying compo
nent above a certain excitation energy. Figure 17 shows t
result of a calculation where theE1 strength with a Lorent-
zian shape of centroid 8 MeV and width 4 MeV exhaustin
50% of the TRKSR is assumed to be present above 200 M
excitation energy. Below 200 MeV the standard GDR pa
rameters are used (E GDR576.5A21/3, GGDR512 MeV, and
SGDR5100% TRKSR!. Indeed, such a calculation exhibits a
very good reproduction of the data, giving the correct ord
of magnitude for the yield between 8 and 12 MeV. The hy
pothesis of the existence of low-lying strength could be
reasonable interpretation of the observed excess yield. Ho
ever, reality is bound to be more complex than the crud
parametrization used here, and theoretical strength functio
as a function of temperature, which could be included in
CASCADE calculation, would be necessary to extract mor
precise information on the evolution of the dipole strengt
with temperature.

Another possibility to explain the excess low-energy yiel
could be the emission of preequilibriumg rays due to the
presence of a strong dipole moment in the entrance chan
of the reaction studied. Boltzmann-Nordheim-Vlasov calcu
lations were performed by Bortignonet al. @63#, and the
Fourier transform of the dipole moment, calculated up t
equilibration time, shows main frequencies much lower tha
the one obtained for the GDR in the compound nucleus. Th
is understood in terms of the large deformation of the fusin
system in the entrance channel. Thereforeg rays emitted
before equilibration may well populate the region of th
spectrum below 12 MeV, where an excess yield is measur

n
ith
e

FIG. 17. Gamma spectrum for the 500 MeV excitation energ
bin after bremsstrahlung subtraction, compared with theCASCADE

calculation of Fig. 16~solid line! and aCASCADE calculation with
dipole strength centered around 8 MeV above 200 MeV excitatio
energy~dashed line; see text!.
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This effect may also help justify the use of the model of Re
@22#.

VII. CONCLUSIONS

Hot nuclei formed in the36Ar190Zr reaction at 27 MeV/
nucleon were studied through the simultaneous measurem
of the emittedg rays, light charged particles, and evapor
tion residues using the MEDEA detector installed at the G
NIL facility. The emphasis of this work was placed on th
study of the giant dipole resonance excited in these hot
clei, in order to follow the properties of collective motion a
one approaches the limiting temperatures that nuclei can s
tain.

The excitation energies and temperatures of the nuc
were inferred from the measurement of the evaporation re
due velocities by applying a massive transfer model, a
through moving source fits to the coincident proton spect
A coherent picture emerges, showing that the hot nuclei p
duced with mass around 115 exhibit a range of excitati
energies between 350 and 550 MeV, corresponding to ini
temperatures of 6–7 MeV, in agreement with previous stu
ies of similar systems. This allows one to study the evoluti
of the GDR parameters as a function of excitation energ
using a single bombarding energy.

The GDR is measured through itsg decay and shows up
as a prominent bump located around 15 MeV in the coin
dent g spectra, which subsists up to the highest excitati
energies reached. In the region between 12 and 20 M
which contains the bulk of the GDRg rays, the integrated
g multiplicity, after bremsstrahlung subtraction, is consta
~about 431023) as a function of excitation energy. This
value is close to the saturation value reported f
the 40Ar192Mo reaction in Ref.@56#. Therefore, no effect is
observed due to the different entrance channel dipole m
ments arising from differentN/Z asymmetries between pro
jectile and target of these two reactions. The region of t
spectra between 20 and 35 MeV is also dominated by GD
decay, and here also the integrated yield shows a satura
as a function of excitation energy. Standard statistical mo
calculations using the codeCASCADE, assuming a saturation
of the GDR width and full sum-rule strength, which repro
duced earlier experimental results up to 230 MeV excitati
f.

ent
a-
A-
e
nu-
s
us-

lei
si-
nd
ra.
ro-
on
tial
d-
on
y,

ci-
on
eV,

nt

or

o-
-
he
R
tion
del

-
on

energy, strongly overshoot the spectra measured here,
fail to reproduce the observed saturation.

To explain the saturation of the GDRg multiplicity sev-
eral theoretical models have been proposed.CASCADE calcu-
lations were performed including the prescriptions of the
models. All the models which predict a continuous increa
of the width of the GDR with temperature@17,21# yield a
saturation of theg multiplicity between 12 and 20 MeV, bu
at the expense of a strong increase of the yield above
MeV, which is at variance with the experimental observ
tions. On the contrary the experimental data seem to be
agreement with a simple prescription where no GDRg rays
are emitted above 250 MeV excitation energy. If no dipo
moment is present in the entrance channel, a similar cuto
predicted by taking into account the equilibration time of t
GDR with the compound nucleus@22#. This is, however, not
the case of the present experiment. A transition from coh
ent to chaotic motion for the GDR in the excitation ener
range studied would also suppress GDR decay during
first steps of the evaporation chain@21#.

Between 8 and 12 MeV all the model calculations und
estimate the measured yield. The excess yield could be c
patible with the appearance of a low-lying component
E1 strength at high temperatures, as predicted by sev
RPA calculations. More experimental and theoretical work
necessary to confirm this intriguing possibility.

This work has demonstrated the existence of a limiti
excitation energy for the observation of the GDR in nuc
through itsg decay, which is clearly lower than the limiting
excitation energy for the existence of nuclei. This limit ma
signal a transition towards chaotic motion in highly excite
nuclei or could be a fingerprint of the shift towards low
energies of the dipole strength at very high temperatu
The elucidation of this question should be the aim of futu
experiments.
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