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Gamma rays, light charged particles, and evaporation residues emitted from hot nuclei formed in the
36Ar-+99Zr reaction at 27 MeV/nucleon have been measured at the GANIL facility with-#hleatium 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 producedp&bia 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 systematigyidlddrom the
decay of the giant dipole resonance remains constant over the excitation energy range studied. A comparison
with other experiments shows that théZ asymmetry in the entrance channel does not affectttygeld.
Statistical calculations performed using the catescabe 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 tyespectra at higher energies. The best account of the data is given by assuming
a cutoff of y 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
temperatured.S0556-281®6)05505-7

PACS numbgs): 24.30.Cz, 25.70.Gh, 25.70.Ef

[. INTRODUCTION subsequent,y) experiments on various other light nuclei
[4] emerged a coherent picture supporting the Brink hypoth-
A spectacular and well-established result of nuclear physesis. The field fully matured with the use of heavy ion
ics is the presence of giant resonariGR) modes in nuclei beams, which offer the possibility, through fusion reactions,
[1], which demonstrates the persistence of strongly collectivé0 study the GDR built on highly excited continuum states in
excitations in fermionic systems with a small number of con-2 large variety of nuclei5]. Above the bombarding energies
stituents. A natural question that arises is the evolution ofvhere complete fusion is the dominant reaction mechanism,
such collective motion of nucleons in highly excited nuclei, 't 1S Possible to produce even hotter compound nuclei
which are presumptively chaotic systems. The field of th hrough either incomplete fusn_)n or deep mela_stlc reactions.
study of giant resonances built on excited nuclear states W&boe measurement of rays emitted from nuclei formed by

. . : th these reaction mechanisms has yielded information on
launched in 1955 by Brink?], who proposed that giant reso- the characteristics of the GDR built on continuum states with

nances could be built on all nuclear states, and that the'éxcitation energies reaching as high as 5 MeV/nucl&n
properties should not depend significantly on the nuclea'ro\t moderate excitation energieE{<2 MeV/nucleon, the
s;ate. Experimental investiga'tions have fogused on the giarE:tharacteristics of the GDR will provide insight ir’mto the
dipole resonance(GDR), which has a sizabley-decay  ghapes and fluctuations of hot nuclei. At higher temperatures,
branch, of the order of 10°, allowing a rather straightfor- one may expect to probe the limits of collective motion in
ward measurement of its characteristics. The first experimenyclei, and obtain information on the time scales for equili-
tal observation of a GR built on an excited state was reportegiration and decay of highly excited nuclear species.
in a proton captureyy, y) experiment on''8 where the GDR The most extensive systematics concerning the GDR built
built on the first excited state dfC was observef]. From  on continuum states have been established for nuclei of mass
around 110, which have near spherical ground states. When
account is taken for eventual ground state deformation, re-

“Also at Dipartimento di Fisica dell'UniversitaCatania, Italy. sults for other mass regions can be considered as similar. In
On leave from University of Teheran, Iran. the remainder of the paper we will concentrate on the mass
*On leave from University of SaPaolo, Brazil. 110 region.
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The GDR can be characterized through three parameters,
its centroid energye, width I', and sum-rule strengt,
expressed as a percentage of the Thomas-Reiche-Kuhn sum
rule (TRKSR). The characteristics of the GDR built on the
ground state have been well known for several decades
through (y,n) reactions[7]. For spherical nuclei, the line
shape of the GDR can be represented by a single Lorentzian
function. In the case of'%Sn the parameters are centroid
energy Eo=16 MeV, width I';=4.8 MeV, and strength
S=100% of the TRKSR. To briefly review the case of the  vem
GDR built on hot nuclei, we will divide, for experimental
reasons, the excitation energy scale into three regions: below
130 MeV, between 130 and 300 MeV, and above 300 MeV.

For moderately hot nuclei in the first region, the experi- barium fluoride
mental characteristics of the GDR are now well established ball
[6]: The centroid energy remains practically constant at 15 ' . .

MeV, the width increases up to about 12 MeV at 130 MeV 1o = VieW of ihe experimenta) sewp showing the MEDEA
excitation energy, and full sum-rule strength is retained.
Since the nuclei studied are formed in complete fusion reac- . .
tions, it seems logical to associate the incregsing GDR widtf? loss of CO'.IeC.t'V'ty of very hot.nucle{|18,2]]. A hindrance
with the increase of the maximum angular momentum popu9f the y emission due to the time necessary to couple the
lated in the reaction, which will influence the deformation ofGDR to the compound nucleus has also been invgeed

the excited nuclej8]. Recent experimental studies, where a In_ order to_mvestlgate in detail the open questlt_)ns con-
spin spectrometer was used in order to select different initiaf €'Y the width _an(_j strength_ of the GDR in nuclei around
angular momenta, seem to corroborate this interpret§@pn mass 110, at excnatlo_n gnerg|es3%1bov%0300 M_ey, we have
Thermal effects may also contribute to the width increase, afieasured they-ray emission from*™Ar+Zr collisions at
shown in studies using inelastic scatteringeofparticles to 7 MeV/_nucIeo_n. At $UCh a high bombarding energy, com-
excite the GDR in nuclei with very low angular momentum plete fusion, if 't. persists at aI_I, makes up only a very_small
[10]. In the recent work of Pierroutsaket al. [11], using part of the reaction cross section. Therefore the experimental

heavy ion fusion reactions, the data are fitted just as weff€tuP. described in Sec. Il, was designed, not only to observe

supposing an evolution of the GDR width dominated by an-N€ ¥ rays arising from GDR decay with high efficiency, but

gular momentum or excitation energy effects. also to pin down as precisely as possible the excitation en-
For hotter nuclei between 130 and 300 MeV, the centroic"Y and temperature of the hot nuclei through the coincident

energy and percentage of the TRKSR still remain Constan{peasuremer!t of evaporation re_sidgg velocit!es and. light
whereas different analyses have yielded divergent resul arged particle spectra and multiplicities. Section Il will be

concerning the evolution of the GDR width. Experiments byd€voted to these excitation energy measurements. In Sec. IV
Bracco et al. [8] and more recently Hoffmanset al. [12], the y-ray spectra will be presented and their evolution with

using fusion reactions, and Endersal. [13], where the ex- €Xcitation energy will be discussed. Theray yield from the
cited nuclei are produced in deep-inelastic collisions, led td>PR will be compared with the predictions of standard sta-
the conclusion of a saturation of the width at a value aroundiStical model calculations in Sec. V. Section VI contains a
12 MeV. This behavior would be in line with the assumption c0mparison of the data with recent theories put forth to ex-
that the evolution of the width is dominated by angular mo-Pin the saturation of the yield from the GDR at high
mentum effects, since the maximum angular momentum thXxcitation energies. Cpnclusmng WI|.| be drawn in Sec..VII.
a Sn nucleus can sustain before fission is reached in reactiop®Me of the results discussed in this paper have previously
producing Sn nuclei at 130 MeV excitation enerfg].  P€en presentel?3-3q or published 31].
Yoshida and co-workeid 4,15 have fitted their results with
a continuously inc_reasing Widt_h. Such an evolution is sup- Il. EXPERIMENTAL METHODS
ported by theoretical calculations based on the Landau-
Vlasov equation[16,17], where the increase of nucleon- In order to produce hot nuclei through incomplete fusion
nucleon collisions with temperature results in a broadeningeactions, a 30@g/cm? °%Zr target was bombarded with the
of the resonance. 27 MeV/nucleon®®Ar beam from the GANIL facility, with
While the y-ray multiplicity from GDR decay increases an average intensity of 10 nA.
up to 300 MeV excitation energy, in agreement with 100% Gamma rays and light particles were detected with the
sum-rule strength, this seems no longer to be the case MEDEA multidetector{32] (see Fig. 1, which consists of a
higher energies, where a saturation of thgield has been ball built with 180 barium fluoridgBaF,) crystals, located
observed[14,15,18,19% One possible explanation for this at 22 cm from the target, which covers the angular range
saturation would be a rapid continuous increase of the GDRetween 30° and 170°, and a solid angle of #&37he
width with temperatur¢16,17,2Q. GDR vy rays would then crystals are arranged in rings, each ring corresponding to a
be spread over a very large energy range and thus contributixed polar angle® and covering 360° in azimuthal angle
very little to the region near the centroid of the resonancep. The crystals are truncated pyramids 20 cm in length, in
[14,15. Alternatively, this saturation may be an indication of order to minimize the cross talk and to optimize the resolu-
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400 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 residues,
1 respectively. The events retained for the analysis are enclosed in the
contour line.

(o)

setting reduced the quality of the mass identification of
Z=1 species, inducing a small deuteron contamination of
the proton spectra, mainly at the most forward angles.

The BaF, detectors were calibrated in energy with the
44 and 6.1 MeV gamma rays from AmBe and PuC
sources, respectively. These calibrations were checked by
measuring cosmic rayg32] and 15.1 MeVy rays from
20 the 36Ar+12C reaction. The light charged particle calibration
was deduced from the calibration using the results of a
calibration run performed with light particle bearf85]. In
order to take into account the detector response, all the theo-
retical calculations presented in this paper have been folded
with the detector response function, following the methods
developed in Ref[36], which are based on the coges3.
tion for the measurement of high-energy charged particles Fusionlike residues were detected in two rectangular par-
andy rays. The system is completed by a forward phoswichallel plate avalanche countefBPAC’S located in front of
wall covering the angles between 10° and 30°. To allow forthe phoswich wall at a distance of 48 cm from the target,
the simultaneous measurementpfrays and light charged covering between 6° and 22° on either side of the beam as
particles the entire system operates under vacuum inside shown in Fig. 1. Figure 3 shows a time of flight versus en-
large scattering chamber. The following discussion will beergy loss scatter plot for one of the counters. The start of the
restricted to the results obtained with the Badetectors. time of flight measurement was given by the cyclotron radio

To obtainy-ray and particle identification the BaBignal  frequency. The accumulation at small flight times and low
is charge integrated during two gates, a fast gate 30 ns longnergy losses corresponds to projectilelike fragments which
and a total energy gate, 700 ns long. Moreover, a time ofhave a velocity close to the beam velocity. The events with
flight measurement, with a resolution of approximately 1 nsjow energy losses but long flight times correspond to slow
is performed between each BaBetector and the cyclotron targetlike fragments, probably produced in peripheral colli-
radio frequency. Figure 2 presents two-dimensional time vsions. The fusionlike residues exhibit a maximum at large
“total energy” (a) and “fast” vs “total energy” (b) scatter energy losses, prolonged by a tail running towards longer
plots for a detector in the ring centered at 83°. By applyingflight times which correspond to more and more incomplete
contours to these planes, an unambiguous separation of momentum transfers. These fusionlike events, enclosed in
rays from light particles is achieved. Low-energy neutronsthe contour in Fig. 3, were retained for the analysis. The
(below approximately 20 Me)give the same pulse shape as events on the rather weakly populated line joining the fusion
v rays[33] and are separated by the time of flight measureresidues with the projectilelike region are probably due to
ment. High-energy neutrons give a pulse shape similar tincompletely relaxed binary collisiofdeep-inelasticand/or
protons and are separated from theays in the “fast” vs  fission events, and were not included in the analysis. The
“total energy” plane. However, the contamination of the time of flight spectrum was calibrated using a time calibrator
proton spectra by high-energy neutrons is small due to thand the position of the elastic peak which was obtained in a
low efficiency of the Bak detector to such particlds4]. run where the PPAC information was recorded in anticoin-
The electronics were adjusted in order to minimize the decidence with the MEDEA ball.
tection thresholds for light charged particles; however, this The trigger was given by one PPAC firing in coincidence
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FIG. 2. “Time of flight” vs “total energy” (a) and “fast” vs
“total energy” (b) scatter plots for a Bafdetector located in the
ring centered a® =83°. Thex axis is calibrated in MeV foly rays.
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106 L T B ana L o o energy heavy ion reactions since, as long as the hot nuclei
produced can be correctly characterized, extended excitation
105 functions can be measured at a single bombarding energy.
4 § T This property will be used here to follow the evolution of
n 10 3 y-ray emission as a function of excitation energy. The data
g 103 é} have been divided into three bins, depicted in Fig. 4, cen-
S L IS » tered, respectively, at 52%, 69%, and 92% of the center of
102 = 8 8 mass(complete fusionvelocity, and corresponding, accord-
1ol J; é é 3' ing to the massive transfer model, to mean LMT’s of 40%,
65%, and 90% of full LMT, to mean initial excitation ener-
o0 L 0 B L b gies of 360, 480, and 630 MeV, and to initial masses of 105,
700 800 900 1000 113, and 122, respectively.
Time of flight (arb.units) The massive transfer hypothesis is unfortunately an over-

simplified representation of the complex reality of

'+ntermediate—energy heavy ion collisions. Even if one con-
siders that the foundation of the model, a substantial mass
transfer from projectile to target, is a reasonable starting

with at least one Baf detector. This trigger requirement point to interpret these interactions, two main effects will

effectively eliminates all cosmic ray contamination of the €nd to undermine the reliability of the determination and
spectra. Only those events with at least gneay with en- selection of excitation energies based on this model. First, at

ergy greater than 6 MeV were treated in the analysis. this high bombarding energy, preequilibrium particle emis-
sion becomes important and is not correctly taken into ac-
count, since the massive transfer hypothesis supposes that all
nonequilibrium particles are emitted at zero degrees with the
As mentioned previously, at bombarding energies abovéeam velocity, which is certainly a poor approximation. Sec-
10 to 15 MeV/nucleon, incomplete fusion takes over fromond, a large number of particles are evaporated during the
complete fusion as the main reaction mechanism for centraleexcitation of the compound nucleus. This will not affect
collisions. It thus becomes necessary to characterize the htite mean measured LMT but will tend to smear out the re-
nuclei produced in the reaction. This will be attempted herdationship between residue velocity and initial excitation en-
by two methods, the measurement of the velocity of the inergy. An additional measurement of other observables is nec-
complete fusion residues, from which the initial excitationessary to corroborate that the different velocity bins truly
energies of the nuclei can be deduced through a reactioeorrespond to different excitation energies. Here we will ana-
model, and the measurement of the emitted light particledyze the proton spectra in order to extract the temperatures of
which is in principle more model independent. the hot nuclei.

FIG. 4. Time spectrum for one of the PPAC’s. The three veloc-
ity bins used in the analysis are shown together with the position o
the elastic peak determined as described in the text.

Ill. CHARACTERIZATION OF THE HOT NUCLEI

A. Residue velocities B. Proton spectra

A widely used method for characterizing the composite For each velocity bin, proton spectra measured in coinci-
system formed in incomplete fusion reactions is the measuredence with evaporation residues were extracted for several
ment of the velocity of the evaporation residues. The lineaangles covering between 69%,,,<160°. It was checked
momentum transfe(LMT) [37], the mass of the composite that the data reduction condition requiringyaray with en-
system, and its excitation energy can be deduced from thisrgy above 6 MeV had no influence on the extracted proton
velocity by applying a massive transfer modi@B]. In this  spectra. A representative example for the highest velocity bin
simple, but somewhat crude reaction model, part of the lights given in Fig. 5. The spectra were analyzed in terms of a
partner, here the projectile, fuses with the target, while themoving source fit. In incomplete fusion reactions, light par-
remainder acts as a spectator, and pursues a straight-line ttécles are usually considered to be of three origins: statistical
jectory with the velocity of the beam. Moreover, it is as- evaporation from the hot compound nucleus, statistical
sumed that subsequent particle emission is isotropic, anevaporation from the projectilelike remnant, and fast par-
does not modify the average velocity of the recoilingticles of nonstatistical origin. This nonequilibrium compo-
nucleus. nent is generally thought to be due to nucleon-nucleon col-

From the time of flight spectrum presented in Fig. 4, welisions taking place during the early stages of the reaction
calculate a mean residue velocity of 80% of the center of39] and/or to preequilibrium particles emitted by the com-
mass velocity, corresponding to a LMT of about 75% of thepound nucleus before thermalization. This contribution is
full momentum transfer for fusionlike events, which corre- commonly fitted by an intermediate-velocity source exhibit-
sponds to an excitation energy of about 560 MeV, and ang a high apparent temperature. The projectilelike remnant
mass ofA~115. This is in good agreement with the Viola has a velocity close to the beam velocity and a low tempera-
systematics for momentum transfer as a function of bomture and thus will only contribute particles at very forward
barding energy37]. angles, outside the angular range investigated here. There-

The time spectrum is broad, showing that a wide range ofore, only two surface-type Maxwellian sources, a compound
LMT's, and thus of excitation energies, is populated in thenucleuslike(CN) source and an intermediate-velocityv)
reaction. This is a very attractive feature of intermediatesource, were necessary to fit the data over the angular range
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extracted from the moving source fits are in reasonable
agreement with the measured residue velocities, underlining
the consistency of the analysis. Note that the proton multi-

100

|I||II|I]IIII|I||||III|

%ar +902r 27 MeV/u

10~1 plicities for the CN source are much lower than those pre-
TA dicted for such highly excited nuclei by well-established sta-
. s tistical codes such asASCADE [42] or GEMINI [43], which
g 10 yield a multiplicity of around 6 at 500 MeV excitation en-
~ . ] ergy. Such low proton multiplicities have already been ob-
5 103 | _ served in studies of similar systef#st], and remain hitherto
S g 3 unexplained.
% C ] The intermediate source shows a rather different behavior.
1074 | Its temperature and velocity do not vary significantly, while
F the multiplicity increases with increasing LMT. This is quali-
- tatively in agreement with a scenario in which these “pre-
1075 b equilibrium” prot duced by first- and/or low-ord
0 25 50 "5 100 125 quilibrium” protons are produced by first- and/or low-order

E_ (MeV) nucleon-nucleon collisions and thus their multiplicity reflects
P the size of the interacting region. Such a behavior has al-

FIG. 5. Proton energy spectra at various angles in coincidenczraeady been observed at higher beam ener#iel and sug-

with fusionlike residues from the highest-velocity bin. Solid lines geIT_ts_ that the highest LMT's come from the most central
are the result of the fit described in the text. collisions.

. . . C. Initial excitation energies and temperatures
studied. In the fits the source velocity and temperature and g P

the multiplicity of emitted particles were considered as free The temperatur& ¢y extracted from the moving source fit
parameters. The result of the fit for the highest velocity bin igs a value averaged over the entire decay chain of the hot
shown by solid lines in Fig. 5. The relative contributions of nucleus. The ratio between this apparent temperature and the
the two sources are represented in Fig. 6 for a forward anglitial temperature T ,;) depends strongly on the type of
and backward angle spectrum. It is interesting to note thaparticle considered. In the literature the value for the ratio
even at backward angles the contribution of the IV source idinit/ Tcy iS given to be approximately 1.3 in the case of
non-negligible for high-energy protons. This shows that theprotons for systems in the mass and temperature region stud-
CN temperature cannot simply be inferred from the rawied here[45]. Using this relationship the following initial
slope of the proton spectra, even measured at the most badlemperatures were obtained for the three residue velocity
ward angles. bins: 6.0, 6.8, and 7.0 MeV.

The extracted parameters of the sources are given in The excitation energy is generally inferred fromy,;
Table |, and are in reasonable agreement with those extractédrough the relationshife* =aT? given by the Fermi gas
for similar reactions in Refd.40,41. The multiplicity, ap- model wherea=A/K is the level density parameter. Dis-
parent temperature, and velocity of the compound nucleusounting the highest-velocity bin, the best agreement be-
source clearly increase between the first two velocity binsfween the excitation energies deduced from the temperature
confirming that these two bins correspond to hot nuclei withmeasurements and those from the velocity measurement is
significantly different temperatures. However, these paramebtained by using{=11 MeV. With this value, an excitation
eters tend to saturate for the highest residue velocity binenergy of 550 MeV is deduced for the highest-velocity bin,
Such a behavior can be explained by the broadening of thelearly lower than the value given by the massive transfer
LMT distribution due to evaporation as discussed abovemodel. The excitation energies quoted in the following will
One may also be approaching the limiting temperature that be 350, 500, and 550 MeV, correspondingkie=11 MeV.
nucleus can sustain before multifragmentation or vaporizaThis value is in reasonable agreement with recent theoretical
tion sets in. It can also be noted that the CN source velocitiesalculationg46] which predict an increase of the level den-

100 R I R LR LRI N UL IR RN LR R E
T"\ to-1 : _: i O = 128° _:
> 1F ] FIG. 6. Proton spectra at two angles in coin-
§ 10—% 4k - cidence with fusionlike residues for the highest-
~ 3E 3 velocity bin. Solid lines are the result of the fit
% 10-3 JL N with two sources. Dashed and dotted lines are the
\m i1 E E contributions of the intermediate-velocity source
= 1F 3 and the compound nucleuslike source, respec-
° 1074 . 1 F E tively.
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0 25 50 75 100 1250 26 50 75 100 185
E, (MeV) E, (MeV)



53 GIANT DIPOLE RESONANCE IN VERY HOT NUCLEI OF MASA~115 2263

TABLE I. Multiplicities, temperatures, and velocities of the two sources extracted from the moving

source fits.

LMT Men Ten (MeV) ven/vem. My T (MeVv) Vv /Vpeam
40% 1.670.08 4.65-0.15 0.59-0.03 1.570.06 9.62:0.10 0.52:0.01
65% 1.89-0.10 5.26:0.20 0.78:0.04 2.05-0.09 9.93-0.09 0.52:0.01
90% 2.06:0.11 5.35:0.20 0.82:0.04 2.56:0.11 10.26:0.11 0.5%0.01

sity parameter for Sn nuclei froi=8.5 MeV at zero tem- in coincidence with fusionlike residues of the 500 MeV ex-
perature toK =12 MeV aboveT=5 MeV, a trend which is citation energy bin. These spectra can be qualitatively under-
corroborated by several experimental studie4]. stood as being composed of three components. At low ener-
Several previous studies of similar systems have yieldegjes statisticaly rays emitted by the compound nucleus at
comparable values for the excitation energies and tempergre eng of its decay chain give rise to a steep exponential
tures of the hot nuclei formed in incomplete fusion reactlonsdecay_ The high-energy photons, above 35 MeV, show an

For the reactior’"Si+'®Mo at 25 MeV/nucleor{41], exci- xponentially decaying spectrum. These photons have been
tation energies between 200 and 400 MeV were extractefl " y ying sp ' P

depending on momentum transfer. These values are slightftérPreted as due to the nucleon-nucleon bremsstrahlung
lower than those obtained in the present work but can b&uring the initial stages of the collision proce&#)]. Cen-
understood as due to the lower projectile mass. In the readered at about 15 MeV, a bump can be seen at all angles,
tion %2S+Ag at 30 MeV/nucleon[40], initial compound corresponding tey rays from the decay of the GDR excited
nucleus temperatures ranging from 6.0 to 6.7 MeV were deinh nuclei of mass around 115. The spectra at all angles are
termined from fits to thea-particle spectra, in excellent qualitatively very similar. Slight differences in spectral
agreement with the present results obtained from the protoshapes are due to Doppler shift effects. During the analysis
spectra. Note that in this study an estimation of the angulasnly events containing at least oneray of energy larger
momentum of the hot nuclei was also attempted, and valueghan 6 MeV were considered; therefore, the spectra are dis-
ranging from 3@ to 50 are reported, depending on residue played only for energies above 6 MeV.

velocity. In the reactiorf®Ar+Ag at 27 MeV/nucleori47] a
combination of fits to the proton and-particle spectra
yielded initial temperatures between 5.7 and 6.7 MeV, de-
pending on linear momentum transfer, again in remarkable 10000
agreement with our analysis. i

It is now well established that Boltzmann-Nordheim- 100
Vlasov calculations give a reasonable description of the main
features of intermediate-energy heavy ion collisip48]. It !
is thus interesting to study the excitation energies predicted 10000
by such calculations for the present reaction. The calcula- i
tions were performed using the codsv [49]. The calcula- 100
tion was run for several impact parameters between 1 and 7
fm for the reaction®®Ar+°°Zr at 27 MeV/nucleon. At 7 fm 1
the excited system fissions but for smaller impact parameters
a mechanism akin to incomplete fusion seems to be present,
leading to hot nuclei with mean excitation energies of about
450 MeV and mean masses of 120.

The determination of excitation energies reached in the
incomplete fusion regime is a demanding task, and the val-
ues reported here and in previous work must be considered
with rather large error bars. However, two main conclusions
can be drawn from the above argumentation, which provide i
a firm basis for the subsequent analysis of thespectra. 1
First, the mean excitation energy reached in the reaction
studied is about 500 MeV. Second, a clear evolution of the 10000
excitation energy is observed between the two lowest-
residue-velocity bins, making possible a study of the evolu-
tion of the y spectra with increasing temperature, which will i .
be undertaken in the following section. 20 30 40 50

E, (MeV)

10000 g

100 K

Counts

10000 g

100

100

IV. GAMMA SPECTRA

FIG. 7. Raw gamma spectra at various angles in coincidence
with fusionlike residues for the excitation energy bin centered at
Figure 7 shows rawy spectra measured at different angles500 MeV.

A. Raw y spectra
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% 1074 '\\i i, - FIG. 9. Multiplicity of hard photons £,=35 MeV) as a func-
g X E tion of LMT. The solid line corresponds to a constant ratio between
™~ mm x 10
25 10-5 i ] t Hﬁ#{i ] the high-energyy yield and the LMT, and is arbitrarily normalized
o '§_ %&Wé ﬁ#ﬁ 3; at the highest LMT.
10~6 _g i ﬁ{* ' -
g ﬂ f 3 sponds to a constant ratio between the high-energyeld
_~ [ ] and the linear momentum transfer and gives an excellent
10 7 Ll I L) | l L1 | I L1 | I L1 11l l Ll l 1L A ) . X
10 20 30 40 50 60 account of the experimental evolution. This evolution can be
understood in the framework of a simple geometrical model
E, (MeV) ple g

where the number of nucleon-nucleon collisions is propor-

FIG. 8. Solid circles represent the spectra measured around tional to the over_lap volume of the two CO"'d'ng partners,
90° for the three bins corresponding to mean excitation energies @nd thus to the linear momentum transfer. This shows that
550 MeV (top), 500 MeV (middle), and 350 MeV(bottom. The  the hard photon multiplicity is a measure of the impact pa-
error bars are purely statistical. Dashed lines are the exponential fitameter as already observed at higher bombarding energy
for E,=35 MeV. Open circles connected by solid lines are the[51,52. The observed evolution of the bremsstrahlung mul-
spectra after subtraction of the exponential extrapolated to low entiplicity confirms that the different residue velocity bins cor-
ergy. In this case the error bars include statistical errors and esttespond to reactions at different impact parameters as already
mated uncertainties on the exponential fit. shown by the proton measurements.

Figure 8 shows the gamma spectra measured in coinci- It should be noted that bremsstrahlufigays contribute

dence with fusion events for the three different excitationalso_to the region be'OW_ 35 MeV, where_they no Io_nge_r
energy bins. The spectra are summed over the ,Rigfec- dpmlnate the cross section, find thus their contribution is
tors of the rings centered #,,=83° andf,,,=97° where difficult to determine experimentally. In the case of

1 112,12 H
the Doppler shift is negligible. These spectra are presented iﬁe “C+™2128n reactions at 7.5 and 10.5 MeV/nucleon
units of differential multiplicity, normalized over, i.e., 53] the nonstatistical gamma component has been extracted

number ofy rays per fusionlike residue and perenergy doWn to 20 MeV gamma energy and is seen to retain an

interval. The number of fusionlike residues for each run wa: xponential shape. This experl_ment was, however, per-
deduced from a minimum bias run where only the PPAC ormed at a much lower bombarding energy than ours. From

: L . . ' i i “N+12C and 2°%Pb reac-
triggered the acquisition system, by using the inte rateéi.he theoretical point of view, for‘N+ an
nag d y y g g ns at 20, 30, and 40 MeV/nucleon, the bremsstrahlung

beam current measured in a Faraday cup and taking int8°
y cup g omponent down to 20 MeV gamma energy was calculated

account the electronics and computer dead time. The me&®! he Bol . Th |
sured differential multiplicities are estimated to be accuraté/Sing the Boltzmann master equation apprd&ehi. The cal-

within 10%. This systematic uncertainty is not included in Culateéd Spectra are seen to retain an approximately exponen-
the error bars tial shape down to 20 MeV even though a slight increase

with respect to an exponential is observed between 20 and 30
MeV. Another calculation, using the molecular dynamics ap-
proach, was performed by for light systems at 40 and 84

In this subsection we will concentrate on the bremsstranMeV/nucleon[55]. This calculation shows an approximately
lung component which must be subtracted from the spectraxponential shape down to 10 MeV if coherence effects are
before an analysis of the GDRyield can be performed. The not taken into account. The inclusion of such effects in-
high-energyy yield can be represented by an exponentialcreases the gamma vyield at low energies. From the above
function, fitted to the spectrum fdg,>35 MeV. Note that considerations it seems that an exponential shape for the
the statistics in the high-energy region is large enough tdremsstrahlung component is a reasonable approximation at
allow for a precise determination of the slope. The slopdeast down to 20 MeVy energy. Therefore, to subtract this
parameter for all three bins is 9:8..0 MeV. This parameter component we have chosen to extrapolate the exponential fit
depends essentially on bombarding energy and the value edown to low energies. Below 20 MeV, the assumption of an
tracted here is in good agreement with the known systemaexponential is somewhat uncertain. However, here the
ics for nucleon-nucleon bremsstrahluf&p]. Moreover, the bremsstrahlung component is small compared to the total
high-energyy yield integrated above 35 MeV increases with cross section, and a variation of its shape would not signifi-
increasing LMT, as shown in Fig. 9. The solid line corre- cantly affect the remaining yield in this region.

B. Bremsstrahlung component
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L LR U B R the “°Ar+ %Mo reaction at 21 and 26 MeV/nucled6],
reported for the region between 12 and 20 MeV. It is also in
gualitative agreement with the results of R¢fL8] for
the “°Ar+ °Ge reaction at 15 and 24 MeV/nucleon.
Moreover, the absolute value of the integrated multiplicity
in the region between 12 and 20 MeV is aboux 40 3
which is in good agreement with the yield reported for
the “°Ar+°Mo reaction in Ref.[56]. Chomazet al. [57]
predict that they multiplicity should depend strongly on the
dipole moment in the entrance channel. If the two partners
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 expect a
larger y yield for the present reactiorf(N/Z)pyq=1,
(N/Z)taq=1.25 than for the reaction of Ref.[56]
[(N/Z)proj=1.22, N/Z)iag=1.19]. No such effect is ob-
served in the data.

12-20 MeV
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V. STANDARD STATISTICAL MODEL CALCULATIONS

A large number of factors governsray emission. In par-
ticular, y rays from GDR decay can be emitted at all steps
during the decay chain of the hot nucleus, and therefore the
measuredy spectrum is not a direct reflexion of theemis-
sion from the compound nucleus at its initial temperature,
but rather an average over all temperatures from the initial
temperature down to zero. Consequently, a more quantitative
analysis of the spectra calls for comparisons with statistical
calculations, which take into account the entire decay se-
calculation; long-dashed lineAscADE calculation with increasing quence. Such analyses are generallylcarrled out using the
GDR width; short-dashed lineascADE calculation with cutoffisee stat!st!cal dec_ay_ codeASCADE [42]. This code treats the
text, Sec. VI B. (c) Inverse slope of the spectra between 20 and Statistical emission ofy rays, neutrons, protons, and alpha
35 MeV after bremsstrahlung subtraction compared to the slop@articles from an equilibrated compound nucleus with a
given by thecascADE calculations with increasing GDR widtlsee ~ given initial excitation energy and angular momentum.

Inverse slope (MeV)

IIIIIIIlIIIIIIIII

300 400 500
E* (MeV)

W

o

o
g_|||||||||||||1|||||||
o

FIG. 10. Calculated and experimentalyields between 12 and
20 MeV (@) and 20 and 35 MeMb) as a function of excitation
energy. Points, experimental results; solid line, standastADE

text, Sec. VI B. The statistical dipole photon emission rate is given by
In Fig. 8 are shown the spectra for the three LMT bins p(Ey)
from which the bremsstrahlung component has been sub- R,d Ey:mfGDR(Ey)d E,.

tracted. The error bars take into account both statistical errors

and errors on the slope and r_10rma|izatipn of the bremsstrakyhere the factop(E,)/p(E;) is the ratio of the level densi-
lung component, encompassing a possible small error on thgss petween the final and initial states differing by an energy
shape of the component. E, = E;—E; andfgpr(E,) = oanE is theE1 density func-

tion which can be written
C. Saturation of the vy yield from GDR decay

To investigate the evolution of the decay from the (E.)= 4€? s Nz T GoRrE]
GDR, the y multiplicity was integrated over two regions: ~ ®PR=Y " 3ahicm~ PR A (E2—EZ%pp)?+ T 3pRE2"
from 12 to 20 MeV and 20 to 35 MeV. The first region
encompasses the bulk of the GDRrays but the second is Here o,,s represents the photoabsorption cross section
also dominated by the GDR decay. Therefore, to constraiand Egpr, I gpr, and Sgpg are the energy, width, and
different theoretical interpretations it is important to also in-strength of the GDR, respectively. A Lorentzian line shape is
vestigate the high-energy region of the spectra. The inteassumed for the GDR, as in the case of cold nuclei measured
grated yields are presented in Fig. 10 for the three excitation photonuclear reactions. Dipole emission is expected to
energy bins. The remarkable feature is that thgields ob-  dominate the spectrum but a small contribution from quad-
tained for the two energy regions increase only very slightlyrupole decay cannot teepriori ruled out. It can be included
over the excitation energy region populated in the presenn the statistical calculation in analogy with the above equa-
reaction and can even be considered constant within the err¢ion.
bars. This behavior exhibits a marked change with respect to The level density parameter is a crucial ingredient in the
the evolution of they yield observed at lower excitation statistical model calculations. As discussed in Sec. Ill C this
energies, which showed a monotonic increase with excitatioparameter shows a strong temperature dependence and thus
energy[6]. This saturation of the GDR yield at high exci- cannot be kept constant along the decay chain during the
tation energies confirms the earlier results obtained forcalculation. Referendel6] proposes a parametrization of the
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level density parameter for Sn nuclei which varies from jo—1 [T T T e
a=A/8.5 at zero temperature t=A/12 aboveT~5 MeV . ; E

following T (b)
% 1077 -

(1+0.4e~(TR7) =
a(T):TA. %* 10-3 3
~ 1
This level density parametrization was used in all the calcu- = 7 F 3
lations. The influence of changes in the level density param- r 3
eter will be discussed below. 1075 Lemeebonn b oo b oo
The influence of the initial compound nucleus angular E, (MeV) E, (MeV)

momentum was investigated and seen to be very small as

long as it is assumed that the spin does not influence the line |G, 11. (a) cascapecalculations at 500 MeV excitation energy
shape of the GDR. The determination of the spin distributionyithout (solid line) and with (dashed linginclusion of quadrupole
for hot nuclei formed in incomplete fusion reactions is notresonancesb) cascapk calculations at 500 MeV excitation energy
straightforward. We have chosen to perform the calculationsefore(solid line) and after(dashed lingfolding with the detector
for an initial spin of 5@, close to the value extracted in Ref. response.

[40] for similar reactions. This value is also close to the

maximum angular momentum that a Sn nucleus can sustafind 500 MeV excitation energy bins after subtraction of the
before fission oceurs. bremsstrahlung component. The solid lines correspond to the

In the following calculations the centroid energy of the standardCASCADE calculations desc_ribed above using the
GDR is assumed to depend on mas&agg=76.50"3[7]. temperature-dependent level density parameter. The low-

The sum-rule strength is taken equal to 100% of the TRKSRENETY region is rather well reproduced by the calculations.
The GDR width is kept constant along the decay chain equ&{}lote that there is no arbitrary normalization involved here.
to 12 MeV, which is the saturation value observed in several the region of the GDR the calculations largely overshoot
studies[8,12,13. The influence of a width increasing with the data. This can be correlated with the observed saturation
temperatl'Jre ‘Wil be investigated in Sec. VI. of the GDRYy yield since the calculated yield increases with
We will first evaluate the contribution of quadrupole de- €Xcitation energy due to the larger number of decay steps in
cay on the spectra. Up to now the giant quadrupole rescthe cascade. The dashed line presented in the 500 MeV case

nance has not been clearly identified built on excited state£Orresponds to a calculation done by using a fixed value

For lack of better information, we have considered the con//10 of the level density parameter. The use of a constant

tribution of the isoscalar giant quadrupole resonafiG level density parameter slightly mfluenc_es the spectral sh_ape

GQR and the isovector giant quadrupole resonanceUt doe_s not modify the_ above observa\_tlons. In t_he following

(IVGQR) with the parameters reported for these resonance§€ variable level density parameter will be retained.

at zero temperature. The parameters of the

ISGQR are well known from numerous experimelrits For

the nuclei considered here, it exhausts 50% of the energy- 109

weighted sum ruléEWSR) atE |sgor=65A" Y2 MeV with a

width of 3.2 MeV. Only scarce experimental results exist for

the IVGQR. However, it has been observed in several nuclei -~ 1071

with a sum-rule strength varying from 50% to 100% and

with  an energy that can be parametrized by

Eveor=130A73[58,59. It was included in the calculation

with 70% of the EWSR and a width of 8 MeV. Figure (&l

shows the results of the calculations performed at 500 MeV

of excitation energy, withdashed ling and without(solid

line) inclusion of the quadrupole resonances. The ISGQR,

located near the same energy as the GDR, contributes only

about 1% of the cross section at this energy. The contribution

of the IVGQR is small but visible in the region above 20

MeV. However, it can be concluded that the spectrum is

dominated by GDR decay and in the following the GQR will

no longer be included in the calculations. 1006 Loy b D L ey
In order to compare with the experimental spectra, all the 5 10 15 <0 25 30

calculated spectra have to be folded with the detector re- E7 (MeV)

sponse. This was done following the methods described in

Ref. [36] based on the codeGs3. Figure 11b) shows the FIG. 12. Gamma spectra for the 350 MeV and 500 MeV exci-

spectrum of Fig. 1) including only the GDR(solid line)  tation energy bins after bremsstrahlung subtraction compared with

together with the same spectrum folded with the detectogtandardcascape calculations(solid lines. In the 500 MeV case

respons€dashed ling the dashed line is a calculation using a constant level density pa-
Figure 12 shows the gamma spectra measured for the 358metera=A/10.
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Experimentally, they yield is observed to saturate as a LI . .
function of excitation energy in the whole region where the 1.0 —
GDR dominates the spectra. Standard statistical calculations - 5 4
cannot reproduce this trend. The elucidation of the mecha- S 08 ]
nism responsible for this quenching could be the key to the g L |
understanding of the limits of well-ordered collective motion =
in nuclei. However, many interwoven effects may play a role - 0.6— ]
in the observed saturation and have generated much theoreti- © B T
cal work[17,20-22. The following section will be devoted o 04l —
to a comparison of theses models with the data. % 5 J

O 02 —
VI. THEORETICAL MODELS e B J
A. Calculations oobla»_ 1+ 1, 171
. o _ . . 0 100 200 300 400 500
Theoretical descriptions point to two main effects which B* (MeV)

can lead to the saturation of the GDRmultiplicity at high

excitation energies: a suppression of the GDR at high tem- 5 13 Reduction factor predicted by the models of Bortignon
peratureg21,22 or a rapid increase of the GDR width with ¢ 41 [22] (solid line), Chomaz21] (dashed ling and Smerzét al.
temperature[16,17,2Q which leads to a depletion of the [17] (dot-dashed lingas a function of excitation energy.

gamma yield in the region around 15 MeV since the GDR

¥ rays are spread over a wide energy range. The reduction of the GDR yield is mainly due to the large

T_he m_odel_of Bortignoret al. [2.2] takes into account the increase of the width of the GDR rather than to preequilib-
equilibration time of the GDR with the compound nucleus.rium effects

At high excitation energies this time is much longer than the In another model, Chomd20] points out that, since the

particle evaporatior_1 time, V.VhiCh precludes the emission 0E)bserved GDR photons are coming from transitions between
the GDRy rays during the first stages of the decay cascade[WO states of the compound nucleus which have finite life-

In this dm(_)del ;[jhe Déog;?i¥¥10rW decafy at gatch St?ﬁ of the times, the measured GDR width must contain the widths of
cascade Is reduce ( e), referred to as the pre- w0 niia| and final states. This leads to a rapid increase of

equilibrium fac.tor, wherel“_l is the sprgading_ width of the the measured GDR width with temperature, as depicted by a
GDR, andl'y, is the particle evaporation width. Here the dotted line in Fig. 14.

ground state spreading widt™ (=I'y=4.8 MeV) is used, We have performed completeascApe calculations in-

following Ref. [60], according to which the thermal spread- .. orating the prescriptions of these different models. The

ing width is temperature independent. The particle evaporaggits of these calculations for 500 MeV excitation energy
tion width increases rapidly as a function of excitation eN-5re shown in the top part of Fig. 15.

ergy, leading to a suppression of GDR gamma emission al e solid line shows the calculation following the pre-

the highest temperatures as shown by the solid line in Figqjibrium model of Ref[22]. In this calculation, the total

13. ) width of the GDR was chosen to follow the experimental
Chomaz[21] proposes that the quenching of the GDR g 0\tion compiled in [61,67, i.e., parametrized by

strength is related to the fact that each individual particler =4.8+0.0026€* )16 MeV below 130 MeV excitation
emission induces a strong fluctuation of the dipole moment GhR™ '

of the nucleus. When the temperature increases the time be-

tween two particle emissions becomes shorter than the char-

acteristic GDR vibration time. In such a case the motion is 60~ 7 |
no longer characterized by the GDR frequency and the ob- /
servedy spectrum will be flat. This argument leads to a 501~ /]
reduction factor given by exp(@wl o /Egpr) Which is
shown by a dashed line in Fig. 13. The reduction predicted
by this model has a similar energy dependence as for the
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 damping 20—
through two-body collisions. This width can be parametrized - T
for all excitation energies by gpr=1"o+0.0026€*)*5, in wE 2/ .
agreement with the experimental systematic$6df,62 be- i T N NI R B
low 130 MeV excitation energy, but rising much faster 0 100 200 300 400 500
above. This evolution is shown by a dot-dashed line in Fig. E* (MeV)

14. In this calculation the preequilibrium factor discussed in

the first case was also included. However, here the spreading FiG. 14. Evolution of the width of the GDR with excitation
width of the GDR (') in this factor is temperature depen- energy as predicted by the models of Chorfd (dotted ling and
dent and given by the above parametrization and therefore itSmerziet al. [17] (dot-dashed line The solid line represents the
effect is smaller as shown by the dot-dashed line in Fig. 13experimental systematics of Ref61,62,.

40 /' o

30— VAR

Lepr (MeV)
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B. Discussion

4 T T T LU LI LU L=
100 ;_ _;I Let us first consider the case of the continuously increas-
E 3 ing GDR width. Both models which incorporate such an ef-
[ ] fect indeed lead to a decrease of the GPRield near the
101 | | centroid of the resonance. However, this is achieved at the
F, R £ 10° 3 expense of of a marked overestimation of the data at higher
oz A ] energies. To study this effect we have performed for several

IMERETI

| R

’

’
L Ll 11l

excitation energies supplementary calculations without in-
cluding any particular model, simply using a continuously
increasing widtH" gpr= 4.8+ 0.0026€* )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 bot-
tom part of Fig. 15, is close to those obtained by using mod-
els including a continuously increasing width. The integrated

1075 L ta v multiplicities for energy regions from 12 to 20 MeV and
g 3 from 20 to 35 MeV are compared to the experimental data in
6 [ | | | | . Figs. 1Ga) and 1@b), respectively. For reference the yields
10— | L1 1 1111 | | L1 . .
5 10 15 20 25 30 for the standardcASCADE calculations are also reported in

E, (MeV)

this figure. The calculated yield in the 12—20 MeV region
lies slightly above the data but shows the same flat evolution

with excitation energy. This is no longer the case in the

FIG. 15. Top: gamma spectrum for the 500 MeV excitation region between 20 and 35 MeV where the calculated yield
energy bin after bremsstrahlung subtraction, compared withycreases strongly with excitation energy, even faster that the
C.ASCADE calculation m_cluqllng the theoretical prescrlpt_lons of Bor- standardcASCADE calculation. Furthermore, the slope of the
tignon et al. [22] (solid line), Chomaz[20] (dotted ling, and .5 cjated spectrum above 20 MeV increases with excitation
Smerziet al. [17] (dot-dashed link(see text. Bottom: same SPec- ooy in contradiction with the experimental slope as can be
trum compared to acAscADE calculation (dashed ling with — . ..

T oon=4.8+0.0026€*) -6 MeV. seen in F|g: 1®). This effec.t is simply u'nder'stood from the.
GDR statistical dipole photon emission rate given in Sec. V. In this
equation the ratio of level densitiggE,)/p(E;) is roughly
energy and saturated at 12 MeV above 130 MeV. In theroportional toe™5»/T. With increasing temperature this fac-
region near the centroid of the GDR the yield is largely re-tor tends to increase thg multiplicity at higher energies by
duced with respect to the standardscADE calculation and  decreasing the slope of the spectrum. Moreover, the Lorent-
even falls somewhat below the experimental points. The dataian representing the GDR strength function is multiplied by
are well reproduced in the high-energy region but markedl)Ei which shifts they yield to higher energies when the GDR
underestimated between 8 and 12 MeV. width increases. Therefore the above conclusions can be gen-

A calculation incorporating the reduction factor proposederalized to all calculations which attempt to interpret the
by ChomaZz21] and using the same hypothesis as above foguenching of the GDRy yield in terms of a continuously
the width of the GDR was also performed. The resultingincreasing width of the GDR with temperature. In conclusion
spectrum falls far below the experimental results in the entiréshe GDR y emission must be hindered by another mecha-
GDR region and is not shown. nism than an increase of the width.

The result of the calculation following the collisional The proposal of Bortignoet al.[22], to take into account
damping model of Refd.16,17], which predicts a strongly the equilibration time of the GDR with the compound
increasing GDR width, is presented by a dot-dashed line imucleus, discussed in the previous subsection, gives a reason-
Fig. 15. The vyield is well reproduced in the region of the able account of the da(@ee Fig. 15 This model predicts a
centroid of the GDR but largely overestimated at higher ensmooth cutoff of they emission, as shown in Fig. 13. A
ergies. One may wonder if this overestimation could be dudiypothesis of this model is that no giant dipole resonance is
to an error on the slope or the normalization of the subtractegiresent at the time of formation of the compound nucleus.
bremsstrahlung component. Recall, however, that the errdsuch a hypothesis is probably reasonable if the projectile and
bars of the spectrum include uncertainties on the bremsstratarget have the sam/Z ratio. However, in the present case
lung subtraction. Only the assumption of a complete absendie N/Z ratios of the two partners are quite different and a
of the bremsstrahlung component, which would be in contrasubstantial dipole moment is present in the entrance channel.
diction with all known systematics, could lead to agreemenOne thus expects the presence of GDR phonons already in
between the data and the calculations in this high-energthe very early stage of the reaction, before equilibration is
region. Again the yield is underestimated between 8 and 12chieved 21]. If these phonons have the same energy as the
MeV. GDR of the equilibrated compound nucleus, theidecay

Finally, the dotted line shows the prediction of the modelwould populate the region of the GDR in the spectra. This
taking into account the widths of the initial and final states ofwould cast some doubt on the possibility to consistently ap-
the y decay[20]. The result is very similar to that of the ply this model to our data. However, it will be discussed
previous calculation with a slightly larger overestimation of below that the fusing system may be deformed and thus the
the data in the high-energy region. dipole phonons could be shifted to lower enefgg].
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E,), (MeV) FIG. 17. Gamma spectrum for the 500 MeV excitation energy

bin after bremsstrahlung subtraction, compared withdhecADE
calculation of Fig. 16(solid line) and acascADE calculation with

FIG. 16. Gamma spectra for the 350 and 500 MeV excitationgipole strength centered around 8 MeV above 200 MeV excitation
energy bins after bremsstrahlung subtraction, compared withnergy(dashed line; see text

CASCADE calculations including a cutoff of gamma emission above
250 MeV. ) o
around 8 MeV as one approaches very high excitation ener-

gies. This tendency can be found in several random phase

The S|mplest_ way to simulate the complefzespectrum approximation calculations at high temperatufé3,67,68.
above 12 MeV is to introduce a sharp suppression ofjthe - T
In a crude attempt to ascertain if such a hypothesis is com-

emission above a given excitation energy. Such a calculation__: )
using a constant width of 12 MeV for the GDR, and a cutoff patlblt_e W'th. the data we have performeASCADE. calcula-
excitation energy of 250 MeV allows one to reproduce thello"S in which the GDR is replaced by a low-lying compo-
y spectra above 12 MeV measured for the all three excitatiof€Nt abOVe a certain excitation energy. Figure 17 shows the
energy bins, as shown in Fig. 16 for the 350 and 500 Me\,n_asult of a calculat|or_1 where thel strgngth with a Lorent?
bins. The integrated yields and the slope parameters are al€fh shape of centroid 8 MeV and width 4 MeV exhausting
plotted in Fig. 10, in good agreement with the data. Note thap0% of the TRKSR is assumed to be present above 200 MeV
the precise shape of the cutoff cannot be inferred from th@Xxcitation energy. Below 200 MeV the standard GDR pa-
present data and different types of smooth cutoffs could alseameters are usedE(gpr=76.5A""3 Tgpr=12 MeV, and
reproduce the spectra. Scpr=100% TRKSR. Indeed, such a calculation exhibits a

An intriguing feature of the data is that all the calculationsvery good reproduction of the data, giving the correct order
underestimate the yield between 8 and 12 MeV. Note also of magnitude for the yield between 8 and 12 MeV. The hy-
that a similar trend can be found in the results of Gagelho pothesis of the existence of low-lying strength could be a
et al. [18] and also at much lower excitation energies asreasonable interpretation of the observed excess yield. How-
pointed out by Thoennessgd4] in a comment on the work ever, reality is bound to be more complex than the crude
of Morsch et al. [65] and further discussed in the reply of parametrization used here, and theoretical strength functions
Morschet al.[66] to the comment. Such low-energy strengthas a function of temperature, which could be included in a
can also be seen in the study of Chakrabatyl. [61], CASCADE calculation, would be necessary to extract more
where it is attributed to an artifact due to the incompleteprecise information on the evolution of the dipole strength
subtraction of slow neutron capture events in the Nal cryswith temperature.
tals. The experiments of Refgl8,65 were also performed Another possibility to explain the excess low-energy yield
with Nal detectors; however, it is not clear if or how thesecould be the emission of preequilibrium rays due to the
neutron capture events were subtracted. presence of a strong dipole moment in the entrance channel

The present measurements were done with BaF2 deteof the reaction studied. Boltzmann-Nordheim-Vlasov calcu-
tors, which do not present the same effect for neutron capations were performed by Bortignoet al. [63], and the
ture. Moreover, a possible contamination of thepectra in  Fourier transform of the dipole moment, calculated up to
this region by misidentified fast neutrons is ruled out by theequilibration time, shows main frequencies much lower than
fact that the spectra corrected for the Doppler shift are identhe one obtained for the GDR in the compound nucleus. This
tical at all angles. One would expect a much larger contamiis understood in terms of the large deformation of the fusing
nation from fast neutrons at forward angles. system in the entrance channel. Therefereays emitted

A possible explanation for the excess strength observetlefore equilibration may well populate the region of the
here could be that the GDR is replaced by some strengthpectrum below 12 MeV, where an excess yield is measured.
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This effect may also help justify the use of the model of Ref.energy, strongly overshoot the spectra measured here, and
[22]. fail to reproduce the observed saturation.
To explain the saturation of the GDR multiplicity sev-
VII. CONCLUSIONS eral theoretical models have been propose&CADE calcu-
lations were performed including the prescriptions of these
Hot nuclei formed in the*®Ar+%Zr reaction at 27 MeV/  models. All the models which predict a continuous increase
nucleon were studied through the simultaneous measuremeait the width of the GDR with temperatufd7,21] yield a
of the emittedy rays, light charged particles, and evapora-saturation of they multiplicity between 12 and 20 MeV, but
tion residues using the MEDEA detector installed at the GA-at the expense of a strong increase of the yield above 20
NIL facility. The emphasis of this work was placed on the MeV, which is at variance with the experimental observa-
study of the giant dipole resonance excited in these hot nuions. On the contrary the experimental data seem to be in
clei, in order to follow the properties of collective motion as @greement with a simple prescription where no GpRays

one approaches the limiting temperatures that nuclei can sudl€ emitted above 250 MeV excitation energy. If no dipole
tain. moment is present in the entrance channel, a similar cutoff is

The excitation energies and temperatures of the nucldiredicted by taking into account the equilibration time of the

were inferred from the measurement of the evaporation res®PR With the compound nucled&2]. This is, however, not
due velocities by applying a massive transfer model, andhe case of 'Fhe present experiment. A transition _from coher-
through moving source fits to the coincident proton spectra€nt t0 chaotic motion for the GDR in the excitation energy
A coherent picture emerges, showing that the hot nuclei prof@nge studied would also suppress GDR decay during the
duced with mass around 115 exhibit a range of excitatior]'St Steps of the evaporation chgia]. _

energies between 350 and 550 MeV, corresponding to initial Between 8 and 12 MeV all the model calculations under-
temperatures of 6-7 MeV, in agreement with previous stug€stimate the measured yield. The excess yield could be com-

ies of similar systems. This allows one to study the evolutiorP@tiPle with the appearance of a low-lying component of
of the GDR parameters as a function of excitation energyELl Strength at high temperatures, as predicted by several
using a single bombarding energy. RPA calculations. More experimental and theoretical work is

The GDR is measured through isdecay and shows up N€cessary to confirm this intriguing pos_sibility. o
as a prominent bump located around 15 MeV in the coinci- 1S Work has demonstrated the existence of a limiting
dent y spectra, which subsists up to the highest excitatiorfXcitation energy for the observation of the GDR in nuclei
energies reached. In the region between 12 and 20 Me\;prough itsy decay, which is clearly lower than the limiting
which contains the bulk of the GDR rays, the integrated excitation energy for the existence of nuclei. This limit may

y multiplicity, after bremsstrahlung subtraction, is constant>!dna! a transition towards chaotic motion in highly excited
(about 4<1073) as a function of excitation energy. This nuclei or could be a fingerprint of the shift towards lower

value is close to the saturation value reported forenergies of the dipole strength at very high temperatures.

the 4°Ar + %Mo reaction in Ref[56]. Therefore, no effect is The e'lucidation of this question should be the aim of future
observed due to the different entrance channel dipole mgEXPeriments.
ments arising from differentl/Z asymmetries between pro-

jectile and target of these two reactions. The region of the

spectra between 20 and 35 MeV is also dominated by GDR We warmly thank P.F. Bortignon and M. Di Toro for
decay, and here also the integrated yield shows a saturatiaumerous fruitful discussions. The help of A. Peghaire dur-
as a function of excitation energy. Standard statistical modehg the experiment is gratefully acknowledged. We thank R.
calculations using the codeascADE, assuming a saturation Berthelot, A. Di Stefano, and P. Lelong for their technical
of the GDR width and full sum-rule strength, which repro- help during the setting up of the experiment. This experiment
duced earlier experimental results up to 230 MeV excitatiorwas performed at the GANIL national facility, Caen, France.
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