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Central and mid-central collisions which lead to the formation of a heavy residue in héi8V 3¢Ar
+ %Mo reaction have been studied with the MEDEA multidetector array coupled to a Parallel Plate Avalanche
Counter. The dependence of the high energy gamma ray and light charged particle production as a function of
the linear momentum transferred to the fused system has been studied. The unique potentialities of the MEDEA
detector have made it possible to follow the evolution of the reaction dynamics from the pre-equilibrium stage
to the formation of a heavy compound nucleus. The analysis of the correlation between the most energetic
photons and protons shows how both of them are mainly produced in the most energetic primary nucleon-
nucleon collisions. The multiplicity of high energ§ (>30 MeV) y rays has been found to increase with the
linear momentum transfer, showing the dominance of two-body dissipation in the transfer mechanism and
giving a tool to correlate the momentum transfer with the centrality of the collision. Light charged particle
kinetic energy spectra show how in these collisions, compound systems with excitation energies of more than
3A MeV and temperature up to 7 MeV are formed. The experimental findings are compared with Boltzmann-
Nordheim-Vlasov calculations. A scenario is found where the nucleus-nucleus interaction starts with two-body
nucleon-nucleon collisions in the overlap region of nuclear densities. These collisions give rise to the produc-
tion of high energy nucleons angrays, and play a fundamental role in the energy transfer from the relative
motion to internal excitation of the quasiprojectile and the target.
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[. INTRODUCTION role and the participant-spectator picture is applied to de-
The study of nuclei in extreme conditions is the mostscribe the reaction mechanism. In between, for bombarding
fascinating aspect of modern nuclear physics. This researamnergies 18<Ep.,<100A MeV, as soon as the relative
is developed along three axes; spin, isospin, and temperatuneomentum of the colliding nuclei approaches the value of
or excitation energy. Nucleus-nucleus collisions are a uniquénhe intrinsic Fermi momentum of the nucleons, the Pauli
tool to produce nuclei at high temperature, reaching theiprinciple become less effective and the influence of the di-
limit of existence. It is of paramount importance to charac-nuclear mean field on the reaction dynamics is significantly
terize as precisely as possible the hot nuclei produced imodified by the effect of individual nucleon-nucleon colli-
order to perform a detailed study of their behavior. This is asions[4,5].
demanding task since dynamical effects play an important In this energy domain, complete fusion is no longer the
role in the formation of the excited nuclei role which in- dominant mechanism and reactions where only part of the
creases with increasing bombarding energy. kinetic energy of the projectile is transferred to the com-
Nucleus-nucleus collisions at low incident energy, belowpound system take pladé—8|. Such reactions are essen-
approximately 18 MeV, are mainly governed by statistical tially two body in nature, as a fast moving projectile remnant
dissipative processes, fusidd,2] and deep-inelastic reac- and a slower heavy excited recoil contain the bulk of the
tions[3] being the dominant reaction mechanisms. At thesanass in the exit channel. In this paper we will call such
energies the Pauli principle inhibits nucleon-nucleon colli-reactionsincomplete fusiorreactions, since fusionlike resi-
sions and the reaction dynamics are dominated by mean fieldues exhibiting a large range of masses and linear momen-
effects. Most of the observed light particles apdays can tum are produced9-11] and the onset of preequilibrium
be accounted for through the statistical decay of the reactioparticle andy emission ascribed to nucleon-nucleon colli-
partners or the fused system. Conversely, in the relativistisions is observefll2,13. However, it must be kept in mind
energy regime, nucleon-nucleon collisions play a dominanthat substantial excitation energy may also be imparted to the
projectile like nucleus, exhibiting some resemblance with the
deep inelastic collisions well known at low bombarding en-
*Also at Dipartimento di Fisica dell’'Universitdi Catania, Italy.  ergies[14,15. The two massive excited entities, which sub-
"Present address: Thomas Jefferson National Accelerator Facilitgequently decay according to statistical laws, are accompa-
Newport News, VA. nied by a copious production of preequilibrium light
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particles andy rays. It is therefore a difficult task to extract
precisely the characteristics of the hot nuclei produced, such
as spin, excitation energy, and temperature. The goal of this
work is to obtain information on the first stage of the colli-
sions and on the evolution toward a thermalized but highly
excited system, through the detailed measurement of light
charged particles and high energyrays emitted in coinci-
dence with heavy fusionlike residues.

In recent years much experimental and theoretical effort
has been devoted to the study of specific probes sensitive to
the pre-equilibrium phase of the collisions. Extensive studies
on the production of high energy rays E,>30 MeV) in
heavy ion collisions at intermediate energies have shown
how these photons originate from the most energetic first
chancepn collisions that take place in the early stage of the
nucleus-nucleus collisiofil6,17]. Such a hypothesis is sup-
ported by a wealth of inclusive dafd6], that span a wide
range of energy and mass of the system, and some exclusive
data[18—27 that convincingly demonstrated the validity of ~ FIG. 1. Artist view of the experimental setup showing the
the incoherent bremsstrahlung model. Since the photons, afEDEA array and the forward PPAC detector.
ter their production, do not interact with the surrounding me-
dium, they carry an unperturbed signal of the first stages ofcintillators and a forward wall of 120 plastic phoswich de-
the nucleus-nucleus collision. tectors. The 20 cm thick scintillators that compose the ball

In this paper we will focus on central and midcentral col-are placed at 22 cm from the target and cover the polar
lisions between heavy ions, at energies close to the Fermingles from 30° to 170°. They are arranged in eight rings of
energy ¢35 MeV), which lead to the formation of a heavy 24 detectors, each ring placed at a fixed polar angle and
fusion residue. The unique characteristics of the MEDEAcovering the whole azimuthal angle. The scintillators are
detector[23], which was designed to detect high energy wrapped with a 100um white teflon layer, to optimize the
rays and light charged particles simultaneously, will allow usjight collection, and a 50um mylar foil. The presence of
to follow the evolution of the central collisions from the first this material in front of the detector introduces thresholds of
stages of the nucleus-nucleus reaction, dominated by the and 16 MeV on the detected protons and alpha particles,
emission of very energetic nucleons and photons, to the forespectively. All the detectors cover the same solid angle of
mation of an equilibrated hot system that eventually decays3 msr with the exception of those of the forward ring which
through the emission of low energy photons and thermalizedover 32 msr. The forward plastic wall, which covers the
particles. polar angles between 10° and 30°, has a similar geometry

In Sec. Il the experimental setup and the data analysigith tapered detectors centered on the target. The phoswhich
procedures will be described. A detailed analysis of the |ighﬁetectors are Composeﬁ &2 mmthick AE fast scintillator
charged particle spectra will be presented in Sec. Ill, while iINNE102A) backed by a 30 cm thick slow scintillatdNE115
Sec. IV the analysis of the high energy gamma ray spectrgnat acts as afft detector and can stop protons up to 200
will be presented and discussed. Section V will be devoted tq/eV. Plastic scintillators are arranged in five rings of 24
the discussion of high energy protons and photons. The rejetectors each placed at a distance of 55 cm from the target.
sults of dynamical model calculations will be presented inFor these detectors a higher threshold, namely, 14 MeV for
Sec. VI and will be compared to experimental data. Finallyprotons and 56 MeV for alphas, is introduced on the detected

conclusions will be drawn in Sec. VII. particles by the 2 mm thick E detector. However particles
stopped iPAE, even if they cannot be identified, can still be
Il. EXPERIMENTAL METHODS taken into account in the light charged particle multiplicity

spectra. The essential geometrical characteristics of each ring
of detectors are summarized in Table I.

The experiment was carried out at the Grand Aaegeur The total geometrical efficiency of the array is 8.8The
National d’lons Lourds(GANIL) using an 3°Ar beam of  whole detector operates under vacuum inside a large scatter-
37A MeV with an average intensity of 1.5 pnA impinging on ing chamber to reduce the light charged particle detection
a 500 wg/cn? thick %Mo target. Light charged particles thresholds.
and gamma rays were measured in coincidence with fusion- To allow for particle andy-ray identification in the Baj
like residues using the MEDEA multidetectf23] coupled detectors a pulse shape analysis of the photomultiplier ana-
to a square (14 14 cnt) Parallel Plate Avalanche Counter log signal and time of flight information was used. The BaF
(PPAQ. A schematic view of the experimental setup issignal was split into three outputs with different relative
shown in Fig. 1. weights and was charge integrated adopting two different

The MEDEA multidetector, which was described in detail gates, a fast gate 30 ns long and a total energy gate 700 ns
in Ref.[23], consists of a ball of 180 barium fluoride (BgF long. The total energy gate was used for two of the three

A. Experimental setup
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TABLE I. Main geometrical characteristics of the various detec-to 22°; part of the phoswich wall was therefore shadowed by
tor rings of MEDEA. The detectors are either plastic phoswich dethjs detector, reducing its geometrical efficiency. This PPAC
tectors(PPD) or barium fluoride (Baf) scintillators. yielded information on the energy loss and the time of flight,
measured with respect to the cyclotron rf, of the detected
heavy residues.

Ring Detector type 6pmin Omax () A¢d Q (msp

1 PPD 10.0° 12.5° 11.2° 15° 2.2 The trigger condition was given by the coincidence be-
2 PPD 12.5°  16.0° 14.2° 15° 3.9 tween the PPAC and at least one Baletector fired, with an
3 PPD 16.0° 20.0° 18.0° 15° 5.6 energy threshold corresponding approximately to 2 MeV of
4 PPD 20.0° 25.0° 225° 15° 8.6 v-ray deposited energy. The coincidence trigger avoids con-
5 PPD 25.0° 30.5° 27.7° 15° 115 tamination of they-ray energy spectra due to high energy
6 BaF, 30.5° 42.4° 365° 15° 318 cosmic ray events by requiring the occurrence of a reaction.
7 BaF, 42.4° 60.5° 51.5° 15°  63.2 However, a fraction of cosmic rays that is randomly in coin-
8 BaF, 60.5° 75.7° 68.1° 15° 63.2 cidence with true reaction events can still be present, but it
9 BaF, 75.7°  90.0° 82.8° 15° 63.2 was shown in the off-line analysis to be negligible.
10 BaF, 90.0° 104.3° 97.1° 15°  63.2 A minimum bias run was also carried out during the mea-
11 BaF, 104.3° 119.5° 111.9° 15° 63.2  surement for normalization purposes. In this case the trigger
12 BaF, 119.5° 137.6° 128.5° 15° 63.2 condition was given by at least one Baér one phoswich
13 BaF, 149.5° 170.0° 159.7° 30° 60.8 detector firing with a low energy threshold. Using such a

trigger condition, the measured reaction cross section

. . . amounts to 95% of the total reaction cross section.
outputs, allowing two different dynamic ranges correspond-

ing approximately to 30 and 170 MeV of-ray equivalent
full scale energy. The time of flight information with respect
to the cyclotron rf with a resolution of 1 ns was also mea- The gamma energy calibration of BaWas performed
sured. An example of a time of flight spectrum measured agsing the 4.4 and 6.3-ray peaks from AmBe and Pugray

97.1° which clearly shows the separation betweerays  sources and checked using as high energy reference point the
and light particles is shown in Fig. 2. . 130-MeV y-equivalent signal given by cosmic muons tra-

A similar integration in two gates was also applied to theyersing the full detector length, obtained as described in Ref.
analog signals of the phoswich detectors to obtain a charges) The light charged particle calibration was deduced from
identification by means oAE-E correlations. The detector o' ray one by adopting the prescriptions described in Ref.
gains were adjusted n order.tq allow for the |<j_ent|f!qat|qn Of[24]. The particle energy was also corrected for the energy
charges up 1@ =8 while retaining the isotope identification loss in the detector wrapping material. The full scale energy

of theZ=1 particles. .
The PPAg was located at 48 cm from the target in front of 2NYe Was approximately 170 MeV for protons and 200 MeV
for alpha particles.

the phoswich detector wall and covered polar angles from 6 . . L .
P P 9 Particle andy-ray identification with the Baj-detectors

4000 was achieved in the off-line analysis by exploiting the
i “Fast”’—“Energy” correlations and the time of flight infor-
0=97.1° mation. An example of “Time vs Energy” and “Fast vs En-
i ergy” scatter plots for a detector placed at 82.8° are shown in
3000 L Figs. 3a)—3(b). By applying contours to both these planes an
i unambiguous identification af rays, protons, and alpha par-
ticles was achieved while deuterons were not separated from
tritons.
In Fig. 3(a) the contours applied to selegtrays and pro-
tons on the “Time vs Energy” scatter plot are shown. The
; “Fast vs Energy” scatter plots obtained retaining only those
1500 - events inside the two contours are shown in Fi(c) 3y
i rays and Fig. 3d) (protong. One observes that the time gate
1000 [ itself already selects alf rays with a small contamination of
3 high energy protons. Applying an additional contour, as
500 [ shown in Figs. &) and 3d), yields a totally unambiguous
[ v-ray and proton identification. The same procedure was ap-
i ,JJ]. . . plied for the high gain energy range. Low energy charged
5 0 5 10 15 20 particles, for which the fast component is too low and
time (ns) merges in the charge-to-digital converter pedestal, could not
be isotopically identified. Consequently thresholds of 8 and
FIG. 2. Time of flight spectrum measured with a barium fluoride 20 MeV were introduced off-line in the sorting of proton and
detector placed at 97.1°. a-particle spectra, respectively. However these low energy

B. Data reduction
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FIG. 3. Example of bidimensional correlation scatter plots, that  F|G. 4. § “Fast” vs “total energy” scatter plot for a phoswich
allow for particle identification with the Bafdetector. The data are detector Showing Charged partides Separatioﬂg{?_ (C) A zoom
relative to a detector placed at 82.88) “Time” vs “total energy”  on the low “fast” region of the same detector shows the mass
scatter plot shows the good time resolution allowing a clear separesolution forz= 1 particles(b) and(d) are the same &s) and(c),
ration betweery rays and light charged particles. The two contoursrespectively, after the correction for the signal mixing that gives the
shown are the selection cuts fgrrays and protongb) “Fast” vs true AE-E responsdsee the text for details
“total energy” scatter plot for the same BaFletector showing the

separation among protons, deuterons and tritons together and alpha . . as %0, .
particles.(c) “Fast” vs “total energy” scatter plot sorted selecting previously observed in the"Ar+~"Zr reaction at 2A MeV

the y-ray events with the cut of panéh). (d) “Fast” vs “total studied with the same detector setl#6], and in similar

energy” scatter plot sorted selecting the proton events with the cuféactions with an analogous recoil detection syst2ih28.
of panel(a). Here a higher threshold was set on the energy loss signal to

eliminate events associated with peripheral reactions. Only

particles were still taken into account in the light charged
particle multiplicity. 80

For the phoswich detectors particle identification was
achieved by applying cuts on theE-E (Fast-Energyplane.
In the fast-energy representatiffig. 4(a)] the data occupy a
region of the plane in between two lines that cross at an
angle smaller than 90°. This is due to the mixing of the fast
and slow components in the two integration gates. The two
lines correspond to events in which the particles have beer _ 50
stopped in thé\E detector and events without tieE signal
(neutral particles respectively. To remove this mixing we
have adopted the method described in IR&5] which allows
the extraction of the truA E andE signals[Fig. 4(b)]. Light 3
charged particles were identified up Zo=7-8 in most of
the phoswich detectorg=igs. 4a) and 4b)], and isotopes
were clearly separated fat=1 [Figs. 4c) and 4d)]. The
energy calibration was deduced from a calibration run per-
formed using monoenergetic particles taking as reference 10
values the punch through energies of protons amdérticles.

a1+ Mo 37 MeV/nucleon

70

60

40

time (ns)

elastic peak

90 200 400 600 800 1000 1200 1400 1600 1800
_ , , AE (arb. units)
A scatterplot of energy loss vs time of flight measured in
the PPAC for heavy residues is shown in Fig. 5. The broad FIG. 5. Two dimensional “energy loss” vs “time of flight” scat-

distribution that can be seen at large energy losses can lher plot obtained from the PPAC. The fusion-like residue events that
associated with fusionlike events similarly to what has beemnvere retained for the analysis are enclosed in the contour line.

C. Event selection
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TABLE 1. Bin limits and average velocity valuegolumns 2
104 r/q‘u.“ and 3 for the seven velocity bins used in the data sorting.

/ \ Velocity bin velvem limits (Wrlvem)
i

§ V37 0.30-0.40 0.37
2 0l V45 0.40-0.50 0.45
S UF V55 0.50-0.60 0.55
V65 0.60-0.70 0.65
ey ¢ 3 V73 0.70-0.80 0.73
o AL L V85 0.80-0.90 0.85
0 10 20 30 40 5 6 70 80 Va3 0.90-1.00 0.93

time (ns)

FIG. 6. Velocity spectrum of the evaporation residues detec’[ecgesmueS was analyzed in terms of the ratio of the residue
in the PPAC. Vertical lines correspond to the different velocity bins;ﬁlc?gg/ég gﬁ]ltgizog)rcvisssge;?/glgg/ev\(/:g?.c;cliii;vsa;rgI:'/(Iadpec!)?te d
dopted in th lysis. . . .

adopted in the analysis in Table Il. Afirst indication of the evolution of the dynamics
o ) ) as a function of the recaoil velocity can be deduced from the
the fusion-like events enclosed in the contour shown in thgrend of light charged particle multiplicities detected in
figure were retained in the analysis. The time of flight specEDEA. As shown in Fig. 7 the raw light particle multiplic-
trum was calibrated using a time calibrator and the elastigy increases as a function of the recoil velocity. Since light
peak position was obtained in a run with the PPAC in triggemarticle multiplicity is known to be a good indicator of the
and the “op” of all MEDEA detectors in anticoincidence.  centrality of the collision it already appear that gating on

_The time spectrum observe#ig. 6) shows a broad dis- |arge recoil velocity selects events of increasing centrality.
tribution of residue velocities with a mean value correspond-

ing to 58% qf the center of mass velocity, which corre;ponds Ill. ANALYSIS OF THE LIGHT CHARGED
to 50% of linear momentum transferred to the residue, a PARTICLE SPECTRA
value lower than predicted by the Viola systemafics for
incomplete linear momentum transfer. These systematics rely At intermediate bombarding energies light charged par-
on measurements with light projectileA<€20); in particu- ticles are emitted throughout the whole nucleus-nucleus col-
lar above 2@\ MeV the results were taken from measure- lision with different time scales: from the first phase, when
ments usinga particles. Departures from these systematicghe emission of the most energetic particles takes place, to a
were already observed in previous experiments where a ddater stage when thermal equilibrium is reached and statisti-
pendence of the momentum transfer on projectile mass anchlly emitted particles cool down the excited fragments. A
on system asymmetry was found usifpr as a projectile  deeper knowledge of the collision dynamics and the evolu-
[29]. tion from a preequilibrium stage toward a thermalized sys-

The width of the time spectrum reflects the fact that manytem can be obtained from the investigation of the light
different linear momentum transfers are populated in the re-
action at a single bombarding energy, which is one of the 10
attractive features of intermediate energy heavy ion colli- I
sions. By gating on the recoil velocity, one will be able to
study reactions with different linear momentum transfers and
different deposited excitation energies. However, it must be
kept in mind that the distribution is also broadened by par- 3
ticle evaporation, the more so at the highest velocities which/\ i e ©

. o - 3 o _

are expected to correspond to the highest excitation energie & g I e _
for which evaporated particle multiplicities will be the larg- 2“1 -
est. Nevertheless, previous experiments performed by detecv I
ing light charged particles in coincidence with a heavy resi- i Py |
due at similar bombarding energig43,27,28,3) have 4 - —
shown that the event selection in terms of residue velocity is 1
able to select collisions characterized by a different central-
ity; in normal kinematics central collisions give rise to a e
larger linear momentum transfer and therefore to higher ve- 2
locities of the residue, the maximum being reached in com- <0 40 60 80 100
plete fusion events. VR/VCM

In the present study, the emission gfrays and light
charged particles is investigated as a function of the detected FIG. 7. Evolution of the raw light charged particle multiplicity
recoil velocity. The velocity spectrum of the evaporationas a function of the recoil velocity.
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FIG. 8. Galilei-invariant proton cross section as a function of the  FIG. 9. Galilei-invariant alpha cross section as a function of the
velocity components parallel and perpendicular to the beam direcvelocity components parallel and perpendicular to the beam direc-
tion. The distributions shown refer to the V37, V65, and V93 binstion. The distributions shown refer to the V37, V65, and V93 bins
and to the minimum biaéVIB) run. and to the minimum biaéViB) run.

parSticle energy spectra, provided that one is able to diseriicles will be diffuse ellipses rather than circles. As an ex-
tangle the different sources. Therefore, light charged particl@mple, Figs. 8 and 9 show the two-dimensional Galilei-
energy spectra emitted in coincidence with the evaporatiofiivariant velocity distributions for protons and alpha
residues were sorted according to the velocity bins previparticles detected in coincidence with residues belonging to
ously mentioned and analyzed in terms of different emittingthe velocity bins characterized /v, 0.93, 0.65, and
sources. 0.37 together with the results from the minimum bias data
set. Two sources can be clearly identified: a slow source and
a fast source with a velocity close to the projectile velocity
(8.75 cm/ns indicated by an arrow in the figur€he relative

As a first step, in order to identify the sources contributingintensities of these two sources change as a function of the
to the particle emission, two-dimensional Galilei-invariantrecoil velocity; in particular from the highest to the lowest
velocity distributions were plotted as a function of the veloc-velocity bin an increase of the contribution from the fast
ity components parallel and perpendicular to the beam direcsource can be seen. This contribution is even larger for the
tion (v, v,) for protons, and alpha particles. This represen-minimum bias data set. However, these two sources are not
tation allows us to clearly localize in terms of the position  sufficient to explain all the observed yield and the introduc-
of the different sources since they manifest themselves agon of a third mid-velocity source is therefore necessary.
circles centered at different| values. If the events selected This source can be identified in the proton velocity distribu-
encompass a range of source velocities, the loci of the pations as giving rise to the highest transverse velocity par-

A. ldentification of the light charged particle sources

TABLE Ill. Multiplicities, temperatures, and velocities of the fast source extracted from the moving
source fits for protons and alpha particles. MB stands for minimum bias data set.

Bin (vr!vem) M, T, (MeV) (vlc)p M, T, (MeV) (v/c),

V37 0.37 0.780.04 3.9£0.1 0.28-0.01 1.2G-0.06 5.40.1 0.24-0.01
V45 0.45 0.720.04 4.+x0.1  0.28:0.01 1.16-0.05 55-0.1  0.24:0.01
V55 0.55 0.730.04 4.2:0.1 0.28:0.01 1.08-0.05 5701 0.23:0.01
V65 0.65 0.7¢:0.03  4.2:0.1  0.28:0.01 0.9G-0.05 5.8-0.1  0.23:0.01
V73 0.73 0.6%0.03 4.2:0.1 0.28:0.01 0.80:0.04 5.8-0.1  0.24-0.02
V85 0.85 0.680.03 4.3:0.1 0.28:0.01 0.70:0.04 6.0:0.1  0.23:0.02
V93 0.93 0.670.04 4.3-0.1 0.28:0.01 0.6G6:0.04 6.1£0.1 0.23£0.02
MB - 0.70+=0.03 3.6:0.1 0.28:0.01 0.54:0.04 5.0:0.1 0.25£0.02
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TABLE IV. Multiplicities, temperatures, and velocities of the intermediate velocity source extracted from
the moving source fits for protons and alpha particles.

Bin (vrlvem) M, T, (MeV) (vic)p M, T, (MeV) (vlc),

V37 0.37 1.220.05 10.4£0.1 0.14-0.01 1.0G6=0.05 11.6:0.1 0.14-0.01
V45 0.45 1.66:0.08 10.6:0.1 0.14-0.01 1.1G6:0.06 11.6:0.1 0.15-0.01
V55 0.55 1.74-0.09 11.%*+0.1 0.14-0.01 1.10-0.06 11.6-0.2 0.15-0.02
V65 0.65 1.94-0.09 11.4:0.1 0.14-0.02 1.26:0.07 11.70.2 0.15-0.02
V73 0.73 2.0¢0.10 11.7#0.2 0.14-0.02 1.2G3-0.06 11.5:0.1 0.15£0.02
V85 0.85 2.0¢0.10 12.6:0.2 0.13:0.02 1.2G6:0.07 11.4:0.1 0.15£0.02
V93 0.93 1.92:0.09 12.2:0.2 0.13:0.02 1.3@:0.07 11.6:0.2 0.15£0.02
MB - 0.50=0.03 10.x0.1 0.14-0.01 0.63:0.03 11.3:0.1 0.15-0.01

ticles. In the alpha velocity distribution this source is lesswhere the particle enerdy’ in the source reference frame is
evident but it will be shown that its presence is needed irgiven by
order to obtain a reasonable fit to the energy spectra.

E' =Ejapt+ Es— 2(EjEs) Y2c0s6s, 3

B. Analysis in term of moving source fit - . . .
y g whereE; indicates the energy of a particle moving with the

In order to extract information about velocities, emitted source velocity.
particle multiplicities and temperatures of the different The spectra were analyzed assuming three sources param-
sources and gain a deeper understanding of the evolution etrized as Eq.(1): fast, slow, and intermediate velocity
the system towards thermal equilibrium, the experimentakources. The fitting was performed usingaminimization
light charged particle kinetic energy spectra were reproducegrocedure. In the fitting procedure the multiplicities, tem-
by a moving source fit in which the particles are assumed t¢eratures and velocities of all the sources have been left as
be emitted isotropically from three moving sources. The enfree parameters, while the values of the Coulomb barriers
ergy distribution of the emitted particles were parametrizedyere fixed to 1, 1, and 4 MeV for the fast, intermediate, and
in the source rest frame, adopting a surface-type Maxwelliaglow velocity sources, respectively, in the case of protons

distribution given by and to 2, 4 and 10 MeV in the case of alpha particles. Note
M M that the sensitivity of the fit to small changes of the Coulomb
_ B e barrier values for the intermediate and the fast source is

J0dE~ 52 BB —(E-EQ/Tl, () gy

The particle spectra were simultaneously fit with the su-

) ) ) , perposition of the three sources. In the case of alpha particles
where E is the Coulomb barrier of the particld, is the  he energy spectra at angles larger than 90° can be reason-
source temperature arM is the multiplicity. The Maxwell-  ap)y reproduced using only the slow source. For this reason,
ian distribution is then transformed in the laboratory refer-yhe'fit procedure was performed in two successive steps: first
ence frame in order to carry out the fit of the spectra usingy g a fit procedure using a single surface-type Maxwellian
the relation source was performed to analyze the alpha particle spectra

beyond 90°, then the deduced values of temperature and

d2M = 1/2 d2M velocity were adopted as fixed parameters in the three mov-
[ 90 dE} = —a: [m} , (2 ing source fits. The extracted paramet@ralltiplicity, tem-
lab E E=E’ perature and source velocitjor the fast, intermediate and

TABLE V. Multiplicities, temperatures, and velocities of the slow source extracted from the moving
source fits for protons and alpha particles.

Bin (Vrlvem) M, T, (MeV) (v/c)p M, T, (MeV) (v/c),

V37 0.37 1.490.07 5.10.2 0.028-0.004 0.86:0.04 5.70.2 0.0306-0.003
V45 0.45 1.66-0.08 5.3:r0.2 0.036-0.005 1.06:0.05 5.8:0.2 0.036-0.004
V55 0.55 1.820.08 5.4:0.2 0.04@-0.005 1.36:0.06 6.0:0.2  0.040-0.004
V65 0.65 1.930.09 55:0.2 0.043-0.005 1.5:0.07 6.2£0.2 0.043:-0.004
V73 0.73 1.990.09 5.8:0.2 0.04720.005 1.66:0.07 6.5-0.2  0.046-0.005
V85 0.85 2.0¢:0.10 6.0:0.2 0.050-0.005 1.76:0.09 6.70.2  0.048-0.005
V93 0.93 2.060.10 6.2£0.2 0.052-0.005 1.8&:0.09 6.950.2 0.050:0.005
MB - 0.49+0.03 5.8:0.2 0.043-0.004 0.280.02 6.7£0.2 0.042:0.004
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%

TE FIG. 10. Proton energy spectra

9 measured at laboratory angles

= ranging from 14.2° to 159.7° in

= the minimum bias(MB) run and

c in coincidence with evaporation

g residues for different velocity

= bins. The solid lines are the result

a4 . . .

o] of the moving source fit described
in the text.

slow velocity sources are listed in Tables IIl, 1V, and V, velocity bins at forward (22.5°) and backward (111.9°)

respectively. The uncertainties quoted correspond to thangles. Proton spectra at forward anglep panels in Fig.
change in a parameter that increaggsby 1, with all the 14) show a marked increase of the intermediate velocity
other parameters fixed at their optimum val(id$]. Repre-  source contributiodotted as a function ofvg/v ., While
sentative proton and alpha spectra and associatetsdiisl  at backward angleghottom panels Fig. D4the relative con-
lines) for different velocity bins are shown in Figs. 10 and tribution of the two sourcetslow and intermediajds rather
11; the agreement is excellent for all velocity bins in theconstant. Alpha particle spectra at forward angtep panels
whole angular range covered. in Fig. 195 show a trend similar to that previously observed
In order to point out the evolution of relative contribu- for proton spectra. At backward angles the spectra are domi-
tions of the different sources as a function of the detectiomated by the emission of the slow source with the interme-
angle the contributions relative to each of the three sourcediate source giving only a small contribution.
and their overall sum are presented for the V65 velocity bin Deuterons and tritons also carry a significant fraction of
(0.65v, ) In Figs. 12 and 13. The fast source componentthe total momentum. Unfortunately, as indicated in Sec. Il B,
(dot-dashed curyewhich represents the dominant contribu- it was not possible experimentally to separate these two spe-
tion to the total yield at forward angles, progressively de-cies in the Baf detectors. Therefore, deuteron and triton
creases with increasing polar angle and becomes negligiblpectra were only fitted at forward angles covered by the
beyond 60°. The slow source componddashed curve phoswich detectors 4,,<30°), where the projectilelike
governs the low energy part of the spectra beyond 30° besontribution is dominant, to extract temperature, velocity and
coming increasingly important at backward angles. The inthe multiplicites My and M, of deuterons and tritons, re-
termediate velocity componefdotted contributes strongly spectively. For larger angles a fit of the sum spectra of deu-
to the high energy part of the spectra; actually it is the onlyterons plus tritons was performed assuming an effective par-
source giving a significant contribution to the proton spectraicle mass equal to (My+3-M;)/(My4+M,). Source
above 40 MeV for angles greater than 42.4°. Figures 14 andelocities were fixed to the values extracted from the proton
15 show the evolution of the relative contributions of theand a-particle spectra analysis. This approximate procedure
three sources for protons and alphas as a function of differentas adopted with the aim of estimating the deuteron and

T T T T T T T 3 T T E

. MB \EL ves I Vo3 ]
',‘> 10~® | s 14.2°% 14.2°—§— 14,3“g

[} L ]
72 03 L -\ 1 1 1% ] FIG. 11. Alpha particle energy

b AN E spectra measured at laboratory
e -4 L v L Vo1 * 1 ﬁm ] angles ranging from 14.2° to
= t t 3 128.5° in the minimum bia&vVIB)
c ~ o\* L ﬂ ] run and in coincidence with
g 1078 ¢ Y E3 A XY E3 E b evaporation residues for different
=! ¢ t [ 10850 ] velocity bins. The solid lines are
N -6 | 128.5° Iy 1 1 i ; :
o 10 128.5 3 3 the result of the moving source fit

described in the text.
10~ 7 PP R B S PSS RIS R TS R RS B B R
0 100 200 O 100 200 O 100 200 O 100 200
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FIG. 12. Contributions of the three Maxwel-
lian sources adopted in the fit to the proton spec-
tra detected in coincidence with evaporation resi-
dues belonging to the V65 velocity bin for all the

d®*M/dQdE (st 'Mev?)

o7.1° detection angles in the laboratory frame. The con-
TN b tribution of the evaporation residue is shown by
N E the dashed curve, the intermediate velocity
N -' source by the dotted line, and the projectilelike
AN 1 source by the dot-dashed curve. The solid line is
\\ N i the result of their sum.
\ \
128.5° 159.7"1g

N S
50 100

E, (MeV)

triton multiplicities and temperatures of the intermediatetilelike nucleus which decays in flight, or to an ensemble of
source to be used to evaluate the excitation energy and theucleons and alpha particles which originate from the pro-
mass of the hot recoiling nucleus formed in incomplete fu-jectile and have only weakly interacted during the collision.

sion events prior the evaporation stage which, from now onThe introduction of an intermediate velocity source is a con-
we will call primary residue. However, its reliability was also venient way to mimic the emission of pre-equilibrium par-

checked by simulations. The results of the fit indicate that thejcles, but can in no way be interpreted as a thermalized
muItipIicity_of nucleons associated to the emission of deuteraycited nucleus decaying by light particle emission. This
ons and tritons from the fast source ranges from 2.4 to 1-%oint will be clarified in the following where we will de-

decreasing with increasing residue velocity. The contributiory.ibe in detail the behavior of the proton andparticle

of 'g?tedlnterr]Te?rllati source:[ ran_gesl frorrt1 2 tot 3'? nUCIfe°n§ources as a function of the recoil velocity. To allow a quick
emitted, while Ine temperature 1S aimost constant as a unC(:'omparison of the results of the fits, the values of multiplic-

tion of residue velocity ranging from 11 to 11.7 MeV. ity, temperature and velocity extracted from the fits are re-
ported in Fig. 16.

C. Interpretation of the three sources

. . . 1. Fast source
Moving source fits to particle energy spectra have been

widely used in the determination of the temperatures of emit- The fast source exhibits a rather constant velocity value as
ting sourced13,28,32,3% The extent to which the sources a function ofvg/v., . In the proton, deuterons and tritons
used in the fits represent real physical sources for which f{its it is approximately equal to the beam velocity, while
temperature can be defined, or are merely a good parametaipha particles fits give a slightly smaller velocity value, but
zation able to describe a mixture of processes is often nditill very close to beam velocityvgeam/c=0.28).

clear. In this case, the slow source can be ascribed with con- Particle multiplicity values decrease as a function of the
fidence to a real physical source which is the excited recoilfatio vg/v. .. This trend is more evident in the case of
ing nucleus, the residue of which is detected in the PPACalpha particles than for al=1 particles, and is consistent
The fast source may either correspond to an excited projeavith an interpretation of this source as a projectilelike source

044619-9



D. SANTONOCITOet al.

d*M/dQdE (sr~'Mev?)

d®*M/dQdE (sr Mev'!)

22.5°

102

10—3

sood vrened s

104

\

105

WAL BRELLL BEBALL EREALL EREALL

10~6
10-2 51.5°
103
104

10~5

LB BRERLL EREL)L ERERLLL EREL

10~6
88.1° 82.8° 97.1°
10~2

10~3
104

10~5

T ool vovonal ooovud oovond ovonil v eviond v vored osornd v vvened voneal 0 avend ot

111.9° 128.5°

10~6

aaand 1y
Tt

102
10~3

104

™ ERRTITT EERTTT” BT |

10—°

LRALL BRESLL BRELLLL BEEALL BREALL BRELLL BREALL BRELLL EREILLL ERELL

| I U SN RS U VL WS IV U S S R

100 200 O 100 200

E, (MeV)

10~6

o

E, (MeV)

044619-10

PHYSICAL REVIEW C 66, 044619 (2002

FIG. 13. Evolution of the rela-
tive contributions of the three
Maxwellian sources adopted in
the fit to the proton spectra at for-
ward (§=22.5°) and backward
=111.9° angles. The contribution
of the evaporation residue is
shown by the dashed curve, the
intermediate velocity source by
the dotted line, and the projectile-
like source by the dot-dashed
curve. The solid line is the result
of their sum.

FIG. 14. Contributions of the
three Maxwellian sources adopted
in the fit to the alpha particle spec-
tra detected in coincidence with
evaporation residues belonging to
the V65 velocity bin for all the de-
tection angles in the laboratory
frame. The contribution of the
evaporation residue is shown by
the dashed curve, the intermediate
velocity source by the dotted line,
and the projectilelike source by
the dot-dashed curve. The solid
line is the result of their sum.
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FIG. 15. Evolution of the rela-
tive contributions of the three
Maxwellian sources adopted in
the fit to the alpha spectra at for-
ward (§=22.5°) and backward
=111.9° angles. The contribution
of the evaporation residue is

d®*M/dQdE (sr 'Mev'!)
3

10-3 shown by the dashed curve, the

intermediate velocity source by
1074 the dotted line, and the projectile-
10-5 like source by the dot-dashed
10=6 . . . curve. The solid line is the result

200 0 100 200 O of their sum.

E, (MeV)

QT T T

whose contribution decreases with the increase of the cerion of the projectile, but are almost directly ejected from the
trality of the reaction: larger residue velocities are interpretectollision zone. This idea of “source” is quite different from
as due to larger massive transfer taking place in more centréhat of a heated projectilelike fragment emerging from the
collisions which leave smaller projectilelike residues. Incollision zone and undergoing an evaporation-like decay, the
principle in this scenario one would expect the projectilelikelatter process being surely important for peripheral colli-
contribution to vanish for the most central collisions. Sur-sions.

prisingly enough we still observe a non-negligible contribu- The striking feature, however, is represented by the large
tion of the fast source even for the fastest residue velocitalpha particle multiplicities compared to those for protons.
bin, which, as we will show later in Sec. V, corresponds toLarge cross sections for multialpha events have already been
collisions in which the complete overlap of the projectile observed in peripheral collisions involving light and medium
with the target is reached. However, in Ref$1,34] it was  light projectiles, such in the case of tReCI+ 1%’Au reaction
shown how an extended concept of the projectilelike sourcat 30A MeV [35]. A possible explanation for this observation
should be taken into account in the case of central collisionsan be a sudden breakup of an excited quasiprojectile formed
in the “°Ar+"@Ag reaction at 3A MeV, to include also in the reaction, in particular in the present case where the
ejectiles which retain some memory of the translational mo-*®Ar projectile may well exhibit anx particle substructure.

fast intermediate slow
2.5 L 2.5 — 1 T T 25 S IR B
20 F e Protons4 20 [ ¢ 4 4 20 - ¢ ¢ ¢ [ =
: o Alph ¢ S I o °
é 15 F phas 1 45t ¢+ o SF e 6 0 3
F ° 3 % ]
V1.o:-°°o° I 10f o0 ®® ] 10 | o 3
E ¢ o0 ¢ g E ° ]
05 F 4 05 | 4 05| = FIG. 16. Summary of the re-
00 vt vt 00 bt v+ v+ 00 Ft— 1 ] sults obt.alned frpm protons gnd
L 130 L i | alphas fit for different velocity
—~ 60 - oo ©° L i bins. Velocities, temperatures, and
3 o © ¢ ¢ 70 ¢ e e .
% sol © 1 ol °°¢ 88, ¢ $ ? T multiplicities of the fast, interme-
L ’ o ® 6.0 | $ ¢ ) 1 diate, and slow sources, respec-
4.0 e ¢ ¢ o ¢ o + ¢ + . .
~ T e 7 %0 ¢ ¢ ] tively, are shown as a function of
= 30 4 T 1 soF ¢ — thevglvm ratio. Full symbols re-
F . . . . . . I . . . 1 fer to protons, while open symbols
20 ———+——+—— 70 ———+——+—— 40 ——t——t— refer to alphas. The full line in
1.0 | + + + + + + +— 07 | 7 I 1 lower panel shows the trend of the
g 09 L 1 06 4 02} +— recoil velocity measured with the
I B 0.5_+$$ ] i ++_ PPAC.
Z 08 - + |
B 04 | 4 01 -
07 — 03 L 4
06 I N 1 . 1 N 1 . 02 " 1 . 1 N 1 . 00 N 1 N 1 . 1 .
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This mechanism can also explain the anomalously large tenas temperature of the fusionlike system.
peratures observed for alpha particles which range from 5.4
to 6.1 MeV with a small dependence on the velocity of the 3. Intermediate velocity source

hea\éy reS|due./Lower te_mperag[urs valu%s% with a Weakﬁr de- The so-called intermediate velocity source exhibits a ve-
pendence ong/vep are instead observed for protons. T eseIocity roughly equal to half of the beam velocity for all light

V?"“.es are In good agreement \.N'th the obseryaﬂons made %arged particles, regardless of the velocity bin considered.
similar reactions for the projectilelike source in case of Pro-The value is equal to the nucleon-nucleon center of mass

ton [13] and neutrori36] spectra. velocity and is in agreement with the systematics for reac-

tions at intermediate energi€$3,27,40,41

N _ The observed temperatures show a rather smooth increase
The velocities of the slow source extracted from the fits ofas a function obr/v. ,, ratio for protons, while alpha par-

all light charged particle spectra are equal within the errokicle temperatures exhibit an almost flat behavigig. 16.

bars. Moreover these values are in remarkable agreemethe need of a large slope paramefer temperature param-

with the measured recoil velocity up g /v, =0.65(solid  etep for the intermediate source in three source moving fits

line in Fig. 16. This result gives confidence in the validity of js well documented5,13,27,40. Proton slope values ob-

the fit procedure, and supports the interpretation of thiserved as a function of the incident energy are well described
source as the compound nucleuslike source. The disagrepy the relation valid for surface emission,

ment observed for larger values of/v.,, where the fits
tends to give values below the measured residue velocity,
could be interpreted in terms of a saturation of the momen- T
tum transfer; in this scenario the fastest residues would not
be correlated to an almost complete momentum transfer but

to velocity fluctuations following a large amount of particle WhereEpeqnmis the beam energy in MeV a, is the num-
emission. ber of projectile nucleons. This estim4#g arises from com-

Proton and alpha particle multiplicities and temperature ined effect of the beam yelocny anq the Fgrml motion on
increase as a function of the residue velocity. These resul e energy of .pro_tons emitted following a single sqattenng
are in agreement with the interpretation of a heavy residu etween a projectile and a target nucleon. Equaiidmives

whose excitation energy and mass increase as a function tternpzr?turet;]/alue ff 119t.6 MeV compared-td1 MeV
the recoil velocity and support the picture of an incompleteo amned from the proton His. .
The proton multiplicity increases as a function of

fusion reaction giving rise to more and more excited com- / ) t with o in which th itted
pound systems with increasing violence of the collision. The’R tvc-m-' n agrfeemefn ;N' h a scenarllo in-w 'f € e"r_nl_ €
temperature and multiplicity values extracted from the fits ofPro donsihc_ome romt_ Irs tﬁ ance nuc e(;rl-hnuc e(l)tr'] Ic_o_t|5|0ns.
alpha particle spectra are very similar to those reported fol‘Jn er this assumption, the increase of the muiliplicity as a
the Ar+Ag reactions studied between 27 and A0eV function of the.reS|due. vglocny bins reflects the size of the
where a heavy residue was detected in coincidence with lig p_teractlon region, a similar wend was a}lready observed'at
charged particleg37]. The value of almost 7 MeV reported igher energie$40,42, and supports '_[h_e idea of_fastt_er rest-
in Ref. [38] deduced from analysis of alpha spectra in thedues connected to more central collisions. A slight increase
most central collisions, points to a saturation of the heavyy.v't.h .reS|due velocity IS also obsgrved for t@&artlcle 'muI-
residue temperature and therefore of the excitation energtpl'c'ty' However, the interpretation of the intermediate ve-

As a further evidence of this effect, similar results were alsdOCity Source fora particle is rather controversial.
obtained using the reactiodikr+ 197Au at 322 MeV [38]. It seems clear that the intermediate velocity source stems

Temperature values for the compound nucleus like sourc om nonequilibrium particles emitted in the early stage of

extracted from particle spectra increase from a value of g_e reaction. More infqrmation on this st_age_ should be pro-
MeV up to 6.2 MeV for protons and from 5.7 to 6.9 MeV for y|ded by the study of high energyrays which is undertaken

alpha particles. However the rafi, /T, remains constant at in Sec. V.
a value of~1.1 over the whole range explored. This can be
understood if one considers that these measured “apparent
temperatures” represent a weighted average over the entire The multiple source scenario is undoubtedly a drastic sim-
deexcitation cascade. In the caseaofparticles, which are plification of the real reaction dynamics, but it can lead to an
preferentially emitted in the first steps of the cascade, onenderstanding of the momentum balance in the reaction and
expects the observed value to be closer to the initial temperdherefore to an estimation of the excitation energy of the
ture of the fusionlike nucleus. This interpretation is con-primary composite nuclei which eventually de-excite
firmed by the findings of Goniet al.[39], who investigated through statistical emission of the light particles andays.

the dependence of the apparent temperature on the partidile order to infer the excitation energy transferred to the
species in the reaction MiMo at 550 and 655 MeV bom- heavy residue, a procedure similar to that proposed in Ref.
barding energies. Although, based on these consideration7] was adopted, and applied to each of the residue velocity
one may expect the initial temperatures to be slightly highebins. Following this approach the excitation energy can be
than those measured fromparticle spectra, we will adopt calculated estimating the initial momentum transfer assum-
in the following the conservative approach of assumifiyg ing that all particles emitted from the projectilelike source

2. Slow source

_ Ebeam

- 8Ap

+6 MeV, (4

4. Momentum partition among sources
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TABLE VI. The average momentum sharing among projectile, intermediate, and slow sources is shown in
the first three columns. Columns 4 and 5 show the average mass carried away, respectively, by the projectile
and intermediate velocity source. The contribution of the undetected mass to the total projectile mass together
with the primary residue mass and its excitation energy calculated following the procedure described in the
text are presented in the last three columns.

VelOCity bin <Pfast/Ptot> <Pint /Ptot> <Pslow/Ptot> M P—like M int AA <A> E*

V37 0.60 0.11 0.29 21.5 8.5 12.5 104 280
V45 0.50 0.14 0.36 17.9 10.2 9.5 106 320
V55 0.43 0.15 0.42 155 11.1 7.5 107 340
V65 0.40 0.16 0.44 14.3 12.0 7.0 108 360
V73 0.35 0.16 0.49 12.5 12.3 55 109 390
V85 0.30 0.17 0.53 10.9 12.4 4.5 111 430
V93 0.26 0.17 0.57 9.5 12.7 35 111 460
are not contributing to the transfer, and then subtracting the D. Characteristics of the fusionlike source

contribution carried away by preequilibrium emission. The  pq approach described above allows us to estimate an
momentum removed by the projectilelike and intermediate(,i\,(:)ra(‘:le mass of the heavy recoil at the end of the preequi-
velocity sources was estimated by affecting their respectivgy,,m emission phase. From momentum and mass conser-
source velocity to each of the particles emitted by thesgation it follows that the mass of the recoil increases with
sources. The detection system used being blind to neutrons,omentum transfer from 104 amu to 111 aifsee Table

it was assumed that for both sources the neutron and protc%)_ At the same time the excitation energy of the system
multiplicities are equal. This appears reasonable, asthe increases from 280 MeV up to 460 MeV, showing that highly

projectile is anN=2Z nucleus. _ excited nuclei are produced in events associated with the
Using momentum conservation, it is then possible to COMyargest momentum transfers.

pute a velocity for the heavy recoiling fragment, which gen-  Tpe independent measure of the excitation energy and
erally turns out to be larger than the velocity of the slowemperature of the system, respectively from momentum and
source extracted from the moving source fit. This discrepgnergy conservation considerations and fit of alpha particle
ancy is attributed to the existence of a beam velocity projecgnectra for all velocity bins, allows a comparison of the trend
tile fragment which would not be detected by the experimenyt our data with respect to the predictions of the Fermi gas

tal setup. The mass of this fragment appears to decrease Wif§ mulaE=aT2. wherea=A/K is the level density param-
increasing centrality, going fromA=12.5 for the most pe- '

ripheral reactions té&\= 3.5 for the most central reactions in G s T L A
agreement with a reaction mechanism proceeding through an r
incomplete fusion scenario.

Assuming that the procedure outlined above accounts for
the bulk of the mass which is not transferred to the heavy
recoiling fragment, it is then possible to estimate the average
excitation energy and mass of the primary residue before
statistical decay for each velocity bin and to follow the evo-
lution of the momentum sharin@nd energy sharingamong
sources as a function of the centrality of the reaction. The
results of this analysis are given in Table VI. The average
number of projectile-like nucleons not contributing to the
momentum transfer increases from 9.5 for the highest veloc-
ity bin to 21.5 amu for the bin associated to the lowest trans-
fers. These numbers include the contribution of the unob-
served fragment mass which increase from a value of about
3.5 amu to about 12.5 amu. This might be an indication that
for low transfers the missing mass and momentum are 0
mainly carried away by a large fragment.

The average number of nucleons emitted by the interme- E*/A (MeV)
diate source(pre-equilibrium emissionranges from 8.5 to
12.7. The associated momentum removed by this source F|G. 17. Temperature of the primary residue as a function of its
ranges from 11% to 17% of the total momentum and thereexcitation energy per nucleon. Full symbols are experimental data
fore it gives a non-negligible contribution in lowering the while the different curves show the Fermi gas estimate for the cor-
excitation energy and mass of the compound system formeslation between the two variables using different level density pa-
in the reaction. rametera=A/K, with K ranging fromK=10 to 13 MeV.

T (MeV)

0 1 2 3 4

044619-13



D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 (2002

LN B |

82.8° ]

-
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eter. In Fig. 17 the temperature of the system extracted fromerse slopes of the order of 1.5—-2 MeV. This statistical com-
the fit of alpha particle spectra is shown as a function ofponent is almost independent of the initial excitation energy
E*/A. The different lines represent the prediction of theand mass of the compound nucleus. At high energy, (
Fermi gas formula for different values & ranging from 35 MeV) an exponentially decreasing component, with in-
K=10 to 13 MeV. All data points are enclosed betwéen verse slope values of the order of 10 MeV, extends to very
=11and 12 MeV, Confirming a theoretical calculation which h|gh energies_ The Comm0n|y accepted exp|anati0n of this
predict an increase of the level density parameter flom component is in terms of nucleon-nucleon bremsstrahlung
=8.5 MeV at zero temperature t§=12 MeV aboveT  qyriginating during the initial stages of the reactifit6]. In

=5 MeV for nuclei in theA=110 mass regioh43]. The e rangeE ,= 10-20 MeV, y rays from the decay of the
trend observed has been compared with a recent work on thgant dipole resonance excited in the fusionlike nuclei give

calo_ric curves where temperature e>.<tracted' using slope Qlse 14 3 characteristic bump in the spectri#6,45 centered
partlc_:le spectra a_nd double isotope yield ratio are compare t about 15 MeV. This value is consistent with an emission
for different reaction$44]. The effect of a mass dependence from an excited nucleus of mass110

gpathr? gglr?crclacrr?'l;mla'rlr?' tarlmsot:en;eztrlg?tfedé Z?]g Zogigfc',?gseaf Comparing the spectral shape at different angtég. 18
W -rning imiting peratu 10 excriatl It can be noted that, while the low energy statistical contri-
ergies at which a departure from the Fermi gas trend sets i

our work is in good agreement with systematics shown in th
paper for excitation energies between 2.7 and 4.1 MeV
nucleon. Indeed, in this mass region, the systematics sho
evidence for limiting temperature of about 7 MeV, and a
departure from the Fermi gas trend for energies above
MeV/nucleon and therefore above the excitation energy.
range investigated in this paper.

ent exhibits a sharp dependence on the detection angle, be-
coming steeper with increasing polar angle. This trend, al-
Y%ady observed in previous experiments, suggests an
imission from a fast moving source.

In the following we will concentrate on the high energy
mponent. In order to study the origin of this component
the spectra were normalized to the number of fusionlike resi-
due events for each bin. This number was deduced from a

IV. GAMMA RAY SPECTRA minimum bias run where only the PPAC triggered the acqui-
A. Raw data sition system by using the integrated beam current measured
) in the Faraday cup and taking into account the overall dead

Gamma ray spectra have been measured with the Bak; o

detectors in the angular range between 42° and 170° in" pyent selection based on residue velocity allows the study

coincidence with fusionlike residues. The data have beegy he eyolution of the gamma multiplicity, the inverse slope
sorted according to the previously described velocity b'nﬁ)arameter and to search for any variation in the emitting

used for the charged particle analysis. As an exampi@y  goyrce velocity as a function of the raig /v, .
spectra measured at different angles in coincidence with fu- o

sionlike residues, belonging to the 65% center of mass ve-
locity bin are presented in Fig. 18. These spectra can be
qualitatively understood as being composed of three compo- The experimental photon spectra are related to the hard
nents of different origin. The low energy rangeE (  photon cross section by

<10 MeV) can be explained in terms of emission from the 5
compound nucleus at the end of the deexcitation process, d°N _
which gives rise to a steep exponential component with in- dQdEy

B. Unfolding of the experimental photon spectra

2

waRE E o dE 5
0 ( Y d)deEy Y ()
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whereC is a normalizing factor anR(E,, ,E), the response wt—-r——
function of the Bak detectors, expresses the probability that . M 515° (x 107 VO3

the electromagnetic shower associated to an incident photo 10-6 L 4
with energyE ., deposits the energ§, into the crystal. The | m 68.1° (x 107) ]
responsdR(E,, ,Eg) in the 20—280-MeV range was measured sl M B2.8° (x 10°%) i
with collimated monochromatic photorig6]. The double 10 W o -
differential cross sectiod?s/dQdE,, was determined from 0 M‘H o 1o ]
Eqg. 5 at the various detection angles by the unfolding methoc 10710 - 1 10 ]
tested in Refg[47,48. The method performs a simultaneous - W 128.5° (x 107°%) |
data correction for the BaFdetection efficiency as well as 1074

for the deposited energy to incident energy conversion. The M V65 1
error of the unfolding procedure was estimated as in Refs.. 1076 M e
[47,48. I 68.1° (x 107%)

10 N 82.8° (x 107%)
L . o ]
010 | M 97.1° (x 107 |
N\Nh\’ﬁ 111.9° (x 10")_
128.5° (x 107%) |

MeV™h)

C. Analysis of the bremsstrahlung component

Assuming an emission from a source moving with a ve-

M/dQdE (sr

locity B, emitted spectra in the source reference frame are 10-12 |
connectedbecause of Doppler effecto the laboratory ones 2y —— —
through the relations I v3?
1076 - 515° (x 10%) |
(1+ B cospy) - M '
Elab: Esﬁ’ (6) 10-8 | 6B.1° (x 107Y) |
1= L \NW 82.8° (x 107%) |
\/1_,82 Sin 6,4 1010 L M 97.1° (x 107 |
. . a o —4
sinfs=sin @ = , 7 - M 111.9° (x 107) ]
S lab(l_ B COselab) X ( ) 10712 L 128.5° (x 107%) 4
d?0(Oap,Eran) 1 d?0(6s,Ey) @® 0 60 80 100
d0,:0E X dOJdE, E, (MeV)

whereE,,, andEg are, respectively, the gamma energy inthe FIG. 19. High-energy gamma spectra detected at different
laboratory reference frame and in the source frafyg, and  angles in the laboratory frame in coincidence with residues having
6, are the detection angle and the emission angle in th@n average velocity equal to 93%op), 65% (middle), and 37%

source reference frame aixdis given by (bottom) of the c.m. velocity. Full lines represent the fits to the data.
(1— B cosb,ap) which gives a description consistent with the experimental
:—W =y(1— B coSbap). (9 data of Fig. 18. Assuming an angular distribution in the

source reference frame given by a superposition of an isotro-
pic and a dipole component, the distribution can be written
a

Considering a non isotropic source emittingrays giving S

rise to an exponential spectrum as

d20( 0, Ey) _ . f(sinfg)=1— a(1—sirfé,). (13
———— =f(sinfy)exg — —|, (10
dQgdEs Eo Putting this relation in the differential cross section formula
. . . ields
the observed spectrum in the lab. frame will be given by y
2 .
d?0(jap ,Ejap) [d—o :E 1—a+a£‘zlab> ex;{ —XEIab),
dQapdEap dQdE, ], X X Eo 14
1 Ejapy(1— B C0SOjap) | [ SiNBap _ o
=X E&XA ~ Eo f X | whereK is the cross section in the source reference frame.

The high energy part of the spectra, namely,= 35,
(13) shown in Fig. 19 has been analyzed with a simultaneous fit

| h lati hd . | q rocedure using Eq14). The inverse slope and the source
n such a relation, to each detection angle corresponds r]elocity have been deduced from the fit. Because of the lim-

exponential spectrum with an angle dependent inverse Sloqféd statistics it was not possible to extract a reliable value

- for the dipole fractiornw. Therefore, the factar was fixed to
El= Eo—'B, (12) 0.2 according to the known systematjd$]. The results as a
(1— B cosbap) function of the different residue recoil velocities are shown
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TABLE VII. Inverse slope and source velocity extracted from a haviors. Both originate from sources with velocity close to
simultaneous fit of the high energy part of the gamma speéta ( half the beam velocity and both exhibit spectra with high

=35 MeV). inverse slope values. Moreover the multiplicity of both high
— energy proton$40] and photong18,19 increases with de-
Velocity bin vR/Uem, Eo (MeV) vslc creasing impact parameter, reflecting the size of the partici-
V37 0.37 12209 0.15-0.01 pant region. These similarities indicate that both high energy

protons and high energy gamma rays originate from the same

V45 0.45 13.2:0.8 0.15-0.01 . . .

V55 055 13.6-07 0.15-0.01 mechanlsm, namely, Fhe nucleon-nucleon collisions in the
V65 0.65 14.0-08 0.15: 001 first stage of the reaction.

V73 0.73 14.30.9 0.15-0.01

V85 0.85 14.50.9 0.15-0.01 A. Hard photon—high energy proton correlations

Va3 0.93 14510 0.15-0.01 In order to verify the hypothesis of hard photon and high

energy proton emission from the first chance nucleon-
, . nucleon collisions we have investigated the correlation be-
in Table VII. Uncertainties on the parameter values correy aen the most energetic protons apdrays, similarly to
spond to the change in a parameter that increaselsy 1,  yyhat has been described by Sapieatal.in Ref.[19]. Dif-

with all the other parameters fixed at their optimum valueSgrenty from the previous work, the existence of correlation
[31]. Fit results as a function of the velocity bins give a goodig jnyestigated here for events in which fusion-like residues
description of the data in terms of a single source having & e formed. In the frame of the first chanpe incoherent
constant velocity =0.15) close to half beam velocity8(  premsstrahlung model an anticorrelation effect between the
=0.14), in agreement with the systemafi&§]. This veloc-  gmission of a hard photon and an energetic pre-equilibrium
ity has to be compared with the residue velocity whichy i is expected49]. This effect is determined by the
ranges fromB=0.030 to8=0.052 with increasing central- .,nservation of the energy in the individuph collision,
ity. This shows that the high energyrays do not originaté \yhjch in the case of hard photon emission imposes a stron-
from the slow moving thermal source. ger constraint: when the two nucleons have a sufficiently
Conslldermg the error barg the inverse slope parameter Figh relative momentum so that a high energy photon is
almost independent of recoil velocity, even if a slight in- gmjitted as a consequence of the collision the scattered proton
crease can be inferreFig. 20 for the most central colli-  ha5 4 reduced energy in accordance with the energy conser-
sions. Such an evolution has been observed in other exclyziion Jaw. In the case of statistical emission from an excited
sive experiments and, in the framework of incoherapt system or independent proton and high-enefgray emis-

bremsstrahlung, has been interpreted as due to the softenighy, the anticorrelation is expected to be washed out due to
of the nucleon Fermi momentum distribution at the nuclearthe higher available energy in the composite system.

surface[19]. In order to study the high energy-proton correlation the
hard y-p correlation factor was introducdd9,5Q as
V. PROBES OF THE PRE-EQUILIBRIUM PHASE:

HARD PHOTONS AND HIGH ENERGY PROTONS 1+R _<mp>7
b <m >
p

(15
Studies on high energy-ray and energetic proton pro-

duction have shown, in both cases, remarkably similar be- o
where(m,) and(m,), are the average proton multiplicity

18— and the average proton multiplicity measured in coincidence
r ] with the hard photon, respectively. The correlation factor
plotted as a function of the proton energy reflects just the
difference between the proton energy spectrum in coinci-
dence with the photon and the inclusive proton spectrum. In
* + + ] the case of statistical photon emission, where no correlation

16 |

is expected, a value of the correlation factor very close to 1
should be observed irrespectively of the proton energy. An-
ticorrelation effects will lead to values ofiR,,<1.

The y-proton anticorrelation is expected only for pre-
equilibrium protons, and protons from projectilelike source
should be excluded. The moving sources analysis of proton

: 1 spectra suggests that at laboratory angles larger than 42° and

1020' = '4'0' = ISIOI = IBIOI = '1(')0' ' above an energy of 40 MeV the contribution to the proton
yield coming from the intermediate source is about 90% of

VR/VCM the total yield. Therefore, only those protons were retained in

the analysis. The experimental correlation function 1

FIG. 20. Inverse slope parameter, as obtained from the fit, as & R,,(E,) for hard photons with energy higher than 25 and
function the ratiovg/v ¢ .. 70 MeV are reported versus the proton enefgyin Fig. 21

14}

E, (MeV)

12|

T
——
——
1
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FIG. 21. Hard photon—high energy proton correlation function L .
for E,=25 MeV (open symbolsand for E,=70 MeV (full sym- 0.8 (b) 7
bols).

for the central and mid-central collision®{/v.,>0.5).

The experimentaly-p correlation function is found to be
smaller than 1 for bothy energy thresholds, with a more
pronounced decreasing trend for the data set selected choos- ~_ 4 I

ing E,>70 MeV. The observation of the strong—p cor- o Tt ‘ ‘ j
4

max

relation in events triggered by fusionlike residues indicates

that even if one reaction leads to the formation of a compos-

ite system, with the damping of a large fraction of incident 0.2
energy in excitation energy, the hard photons and energetic

protons emission mainly occurs during the initial phase of

the reaction as a consequence of nucleon-nucleon collisions. 0.0 I N I B A
0.2 0.4 0.6 0.8 1.0

B. Hard photon multiplicity—recoil velocity correlation VR/VCM

Throughout this study, the recoil velocibk /v m of the FIG. 22. (a) Multiplicity of y rays withE,>35 MeV as a func-
residue has been used as an event selector. The evolution @ of v /v, . (b) impact parameter dependenceofays as a

many parameters such as the multiplicity of fast protons anglinction of momentum transfers /v, .
the temperature and multiplicity of the slow source implies

thath/v_C_m. is correlated Wlth the Centr-a”ty of the collision. region_ Assuming that the probab”iﬁ/y of producing a pho-
Here, using the harg: multiplicity, we will demonstrate the ton in a singlepn collision depends only on the beam energy,
correlation in a more direct way. This analysis was alreadfthe gamma ray multiplicity for a given impact parameter

presented elsewhef81], and in that case was used in com- \_(p) is related to the numbeX,,(b) of first chancepn
parison with a similar system at lower incident energy tocollisions by the relatiofi16]

elucidate the role of two body collisions in the dissipation
mechanism. M, (b)=Ngn(b)P,, (16)
Since high energyy rays are mostly produced in first
chancepn collisions in the early stage of the reaction, theywhere one assumesR, independent of the impact param-
represent a direct tool to determine the collision impact paeter. Since the photon production probability per singte
rameter since their multiplicity reflects the size of the inter-collision at these bombarding energies is of the order of
action region and is thus directly related to the impact pa<0 >, high energyy rays cannot be used to dedudg,, on
rameter [18]. The relation between the hard photon an event-by-event basis. However, an average value can still
multiplicity and the impact parameter was confirmed by thebe deduced for a class of events selected by another observ-
measurement of correlations between hard photons and liglble, such as the recoil velocity in our case, and can help to
charged particle multiplicities which are also known to be anclassify these events in terms of their average impact param-
indicator of the centrality of the collisiopl8-20. In the eter[21].
hypothesis of production by incoherent bremsstrahlung ra- The high energyy-ray multiplicity M, was determined
diation throughpn collisions the multiplicity of the high for each residue velocity bin by normalizing ovetr4he
energy y rays scales with the number of individual first y-ray yield measured around 90° integrated above 35 MeV.
chancepn collisions that occur in the geometrical overlap In Fig. 22a) multiplicity values are shown as a function of
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vr/vem.. Astrong and linear increase as a function of recoil 0257 - ' '
velocity is observed showing the important role of two body
dissipation mechanisms for the momentum transfer. The in-
formation concerning the average impact parameter per ve-
locity bin was deduced from the hard photon multiplicity.
Using Eq.(16) the number ofpn collisions can be calculated
for all the velocity bins once the, is known. The value of
P,~35 was determined from the minimum bias run to be
(4.0=0.6)x 10" ° usingP,= o, /({Npp),or), Whereo ., and
og are the measured hasdray production cross section and
the total reaction cross section, afid,,), is the number of 0.00
pn collisions averaged over the impact parameter. Then, ap-
plying the geometrical modgll6], the average impact pa-
rameter was deduced froh,,(b). Figure 22b) shows the FIG. 23. Time evolution of the central density calculated at
measured reduced recoil velocity as a function of the reduceghpact parameteb=1 fm.
impact parameteb/b,,,x Wwhere theb,,,, value was calcu-
lated asa=1.2(AF+ AY}) =9.5 fm, Ap andA; being the  where {,} stands for the Poisson bracket, is the self-
projectile and target masses. consistent one-body Hamiltonian arg,, is the Uehling-
The strong correlation previously observed in Fig(22 Uhlenbeck collision term. In the following calculations a
remains between the recoil velocity and the impact paramSkyrme-like parametrization is used for the description of
eter[Fig. 22b)] showing that the fraction of linear momen- the mean-field potential, which gives a “soft” equation of
tum transfer is strongly correlated with the impact parametestate, with a compressibility moduli&= 200 MeV,
confirming that the most central collisions give rise to the
largest transfers to the targetlike nucld64]. This correla- U(p)=A(plpo) +B(p/po)”, (18

tion will be helpful in comparing our results with dynamical with A= —356 MeV, B=303 MeV, ando—7/6. Equation

models which furnish predictions as a function of the impact . . ; .
P P (17 is solved numerically, according to the test particle

o
Il
-
=
g
1

p (fm™®)

time (fm/c)

arameter. : . .
P method, with the codewINGo [55], using 200 test particles
per nucleon.
VI. COMPARISON WITH DYNAMICAL MODELS Simulations have been performed for impact parameters

ranging from O to 7 fm. At these bombarding energies, for

Reliable information about the reaction mechanismscentral reactions, the density of the system evolves through a
involved in heavy ion collisions at intermediate energiesfirst initial compression phase to an expansion phase, after
can be obtained in the framework of one-body transportoughly 50 fmk (see Fig. 2Bbut since the internal pressure
theories. The Landau-ViasdV) [52], Boltzmann-Uehling- is not sufficient to break the system into fragments after
Uhlenbeck (BUU) [53], or Boltzmann-Nordheim-Vlasov some expansion it reverses to compression leading to the
(BNV) [53-54 transport equation, which describes the timeformation of a heavy systeitsee Fig. 28 For small impact
evolution of the nucleon one-body distribution function in parametersi{<2 fm), for which the target completely over-
phase spacet(F,ﬁ,t), provides a generally good average laps the projectile, a mechanism akin to incomplete fusion
description of the dissipative mechanisms occurring all alongvith the formation of a single heavy source is observed as it
the interaction between the two colliding nuclei. Dependingcan be seen in Fig. 24 where the contour plots of the evolu-
on entrance channel properties, namely the impact parametéion of the spatial density as a function of time in the case of
the beam energy, and the mass asymmetry, different outgoirgreaction ab=0 fm are shown. At larger impact parameters
channels, ranging from the formation of only one compositehe outgoing channel is essentially binary as can be seen in
nuclear source, in the case of central collisions, up to deeg=ig. 24 where similar calculations for & 3 and 6 fm are
inelastic-like collisions or inc omplete fusion processes, forshown and the pseudo-particles appear located in two main
more peripheral reactions, are observed. In such a context, iegions inr space, which can be associated, respectively,
this section we will try to obtain a deeper insight into the with the projectilelike(PLF) and targetlikeTLF) fragments.
reaction mechanisms which could be responsible for the I'ghﬁowever, from an analysis ip space, it is also possible to

particle andy-ray emission observed in thBAr + %Mo re- recognize a component located around the nucleon-nucleon
action at 3A MeV. , _ , center of mass velocity region which can be associated to the
In one-body transport theories the time evolution of thep e equilibrium emission corresponding to particles emitted
distribution functionf(r,p,t) is ruled by the action of a by the system mostly during the first 120 fn/The presence
mean-field potential, together with the effect of a Pauli-of pre-equilibrium particle emission can be more clearly ob-
blocked collision term, according to the equation served in Fig. 26) where the number of emitted particles as
a function of time is shown for collisions &t=1 fm. The
slope change in the production rate at about 120—-14@ fm/
> > > =+ indicates a transition from preequilibrium to the evaporation
HIp.O H=lealf(rp.0], (A7 o equilibrated sourceBSE]. A?this time already aplarge

af(r,p,b)
at
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FIG. 24. Contour plots of the spatial density as a function of time in the reaction plane for different impact pardmefefs (top),
b=3 fm (middle), andb=6 fm (bottom.
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amount of particles has been emitted. This affects the exci-
tation energy of the system since preequilibrium emission
removes a large amount of the energy from the system, leav-
ing the primary source with moderate excitation energies and
a lower masgsee Figs. 2fb) and 25c)]. The collision sce-
nario predicted by the BNV calculation exhibits many simi-
larities with that inferred from the empirical moving source
fit. In particular, one can associate the slow, fast and inter-
mediate velocity sources introduced by the fit to the data
with emission from excited target and projectilelike frag-
ments and preequilibrium emission respectively.

In order to proceed further, it is therefore informative to
compare the properties of the sources predicted by the cal-
culation with those extracted from the fits. In the top panel of
Fig. 26 the velocity of the targetlike source is presented as a
function of the reduced impart parametérlf, ., . The full
line represents the BNV calculation while symbols are the
experimental data. The velocity of the heavy residue as cal-
culated from BNV is larger than the one obtained from the fit
of alpha particle spectra at all impact parameters. In the same
figure is also shown, as a comparison, the average velocity of
the residue measured in each bin deduced from time of flight
between the target and the PPAC. This direct measurement of
the heavy residue velocity is again lower than what is pre-
dicted by BNV calculation even if, approaching the most

FIG. 25. (3) Number of emitted nucleons during the reaction ascentral collisions, the difference is much reduced. This dis-
a function of time.(b) Excitation energy of the heavy residue as a crepancy could be due to the lack of fluctuations in our
function of time obtained at=1 fm. (c) mass of the heavy residue mean-field description of the dynamical evolution of the sys-
as a function of time calculated bt=1 fm.

tem. As a consequence, the time needed for the dinuclear
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008~ T T T ] due to the time when the excitation energy is calculated.
E v @ ] This has been fixed in the BNV simulation at the time when
0.07¢ o it ] preequilibrium emission is finished. Decreasing this time
: + = ToF 1 slightly would result in a marked increase of the excitation
0-06F + E energy. As a further term of comparison the values of the
{ 0.05F + ] excitation energy of the primary residue reconstructed with
2 ; + i ] the procedure presented in Sec. Il D were used to extract the
> 0.04F * ] temperature of the residue adopting a level density parameter
E * ] A/12 MeV 1. The result is shown as a dashed line in the
0.03f ] lower panel of Fig. 26 and is in very good agreement with
r ] the temperature extracted from alpha particle spectra giving a
0.02 -t —————————+—] further evidence of the consistency of the scenario with a
f (b) ] level density betweeA/11 andA/12 MeV 1.
8ra/13 E— ] In conclusion, the BNV calculation paints a picture of the
o/t ~ = data - A/12 ] reaction process in agreement with that inferred from the
r 5 charged particle angl-ray measurements. More quantitative
= [ ] comparisons are plagued by the uncertainty concerning the
[ 6 . time at which the relevant observables must be calculated in
= i ] the simulation, and by the use of the moving source picture
= 5L ] for the analysis of the experimental data. Progress could be
E ] made if charged particles andray spectra could be directly
s ] extracted from the calculation and compared to the raw mea-
: ] sured data.
3 C . v v
0.0 0.2 0.4 0.6 0.8

VII. CONCLUSIONS

b/b . . .
/D max In this experiment the reactioffAr+ %Mo at 37A MeV

FIG. 26. The properties of the heavy source formed in the reacWas studied through an analysis of high energy gamma rays
tion as a function of the reduced impact parameéwrComparison ~ and light charged particles detected in coincidence with
of the heavy source velocity obtained from the BNV calculation €vaporation residues. The reaction products were sorted
(full line) with the velocities deduced from the fit of alpha particle @s a function of the linear momentum transferred to the
spectra(full circles) and from time of flight measuremergtull heavy residue produced in the reaction. Through the use of
squares (b) Comparison of the temperature extracted from the al-different probes the evolution of the reaction dynamics from
pha particle spectgfull circles) with temperatures deduced from the preequilibrium stage to the formation of a heavy com-
BNV calculations (full lines) using level density parameters pound nucleus was investigated.

A/11 MeV ! andA/13 MeV 1, and those estimated from the re- The study of light charged particle spectra performed
constructed excitation energy using a level density parametefhrough a moving source fit with three sources indicates the
A/12 MeV* (dashed ling formation of a highly excited system with temperature of

about 7 MeV and the existence of a copious preequilibrium

emission. The independent measurement of excitation energy
system to break-up into PLF- and TLF-like fragments is tooof the primary residue and temperature allowed a close com-
long, leading to velocities closer to the center of mass velocparison with the prediction of the Fermi gas formula suggest-
ity. ing a value of the level density parameter betwééhl and

Apparent temperatures extracted from the fit of alpha parA/12 MeV 1. The preequilibrium emission was investigated
ticles and temperatures deduced from BNV calculations arén  detail through the study of high energyE(
shown in the lower panel of Fig. 26 as a function of the>35 MeV) y rays and high energy protons. The multiplicity
collision centrality. The temperature values obtained fromof high energyy rays was found to increase with the linear
BNV calculation, shown as full lines, were deduced from themomentum transfer, giving one a tool to correlate the mo-
calculated excitation energies assuming level density paranmentum transfer with the impact parameter. The study of the
eter ranging fromA/11 MeV ! andA/13 MeV 1. The BNV  correlation between the most energetic photons and protons
temperatures are in agreement with the temperatures emllowed us to obtain a further experimental evidence of their
tracted from the fits using level density parameters in thecommon origin confirming the hypothesis of a production
range A/11-A/12 MeV L. It should be recalled, however, from the most energetic primary nucleon-nucleon collisions.
that although the initial temperatures are surely higher than In an attempt to get a deeper comprehension of the reac-
the apparent temperatures extracted from the alpha particteon mechanism the experimental findings were compared to
spectra and shown above, the value of the empirical coeffiBNV calculations. The results obtained from the BNV repro-
cients to be used at this bombarding energy might differ fronduce the average findings concerning the formation of a resi-
those extracted in Ref39] for reactions at lower energy. due and suggest a larger dissipation than the one deduced
Moreover, BNV temperature values suffer from uncertaintiedrom the analysis of light charged particle and high energy
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y-ray spectra. A reaction scenario can be inferred from thetrongly excited target-like fragment and a modestly excited
above findings. The interaction starts with nucleon-nucleorprojectilelike fragment are produced, which subsequently de-
collisions in the region of overlap of the nuclear densities.cay by particle and finally statisticay-ray emission. The
These collisions give rise to the production of high energytrigger of the present experiment, i.e., the presence of a large
nucleons andy rays, and are also instrumental in driving the evaporation residue, precluded the observation of energy
transfer of energy from relative motion to internal excitationtransfer large enough to result in the multifragmentation of
of both target and projectile entities. In the present case the system.

[1] R. Lacey, N.N. Ajitanand, J.M. Alexander, D.M. de Castro Drain, and C. Pastor, Phys. Rev.4@, 2099(1993.
Rizzo, G.F. Peaslee, L.C. Vaz, M. Kaplan, M. Kildir, G. La [16] H. Nifenecker and J.A. Pinston, Annu. Rev. Nucl. Part. 8@;.
Rana, D.J. Moses, W.E. Parker, D. Logan, M.S. Zisman, P. De 113(1990.

Young, and L. Kowalski, Phys. Rev. 87, 2561(1988. [17] W. Cassing, V. Metag, U. Mosel, and K. Niita, Phys. R&88
[2] J. Boger, J.M. Alexander, R.A. Lacey, and A. Narayanan, Phys. 365 (1990.
Rev. C49, 1587(1994). [18] E. Migneco, C. Agodi, R. Alba, G. Bellia, R. Coniglione, A.
[3] L.C. Moretto and G.J. Wozniak, Annu. Rev. Nucl. Part. Sci. Del Zoppo, P. Finocchiaro, C. Maiolino, P. Piattelli, G. Russo,
34, 189(1984). P. Sapienza, A. Badal&. Barbera, A. Palmeri, G.S. Pappa-
[4] E. Suraud, C. Gregoire, and B. Tamain, Prog. Part. Nucl. Phys. lardo, F. Riggi, A.C. Russo, A. Peghaire, and A. Bonasera,
23, 357(1989, and references therein. Phys. Lett. B298 46 (1993.
[5] H. Fuchs and K. Mbring, Rep. Prog. Phy&7, 231 (1994). [19] P. Sapienza, R. Coniglione, R. Alba, A. Del Zoppo, E.
[6] H. Morgestern, W. Bohne, K. Grabisch, D.G. Kovar, and H. Migneco, C. Agodi, G. Bellia, P. Finocchiaro, K. Loukachine,
Lehr, Phys. Lett113B, 463 (1882. C. Maiolino, A. Peghaire, P. Piattelli, and D. Santonocito,
[7] V.E. Viola Jr., B.B. Back, K.L. Wolf, T.C. Awes, C.K. Gelbke, Phys. Rev. Lett73, 1769(1994.
and H. Breuer, Phys. Rev. 26, 178(1982. [20] G. Martinez, J. Diaz, M. Franke, S. Hlavac, R. Holzmann, P.

[8] C.J. Gelderloos, J.M. Alexander, J. Boger, M.T. Magda, A. Lautridou, F. Lefebre, H. Lohner, A. Marin, M. Marques, T.
Narayanan, P. DeYokung, A. Elmaani, and M.A. McMahan, Matulewitz, W. Mittig, R.W. Ostendorf, J.H.G. van Pol, J.

Phys. Rev. (54, 3056(1996. Quebert, P. Roussel-Chomaz, V. Schutz, A. Schubert, R.H. Si-
[9] K. Hanold, L.G. Moretto, G.F. Peaslee, G.J. Wozniak, D.R. emssen, R.S. Simon, Z. Sujkowski, V. Wagner, and H.W. Wils-

Bowman, M.F. Mohar, and D.J. Morrissey, Phys. Rev4& chut, Phys. Lett. B334, 23 (1994).

723(1993. [21] S. Riess, G. Enders, A. Hofmann, W. Kuhn, V. Metag, R. No-
[10] K.A. Hanold, D. Bazin, M.F. Mohar, L.G. Moretto, D.J. Mor- votny, W. Mittig, Y. Schutz, A.C.C. Villari, H. Emling, H.

rissey, N.A. Orr, B.M. Sherrill, J.A. Winger, G.J. Wozniak, and Grein, E. Grosse, W. Henning, R. Holzmann, R. Kulessa, T.

S.J. Yennello, Phys. Rev. 82, 1462(1995. Matulewicz, and H.J. Wollersheim, Phys. Rev. Lé&9, 1504

[11] M.T. Magda, E. Bauge, A. Elmaani, T. Braunstein, C.J. Geld- (1992.
erloos, N.N. Ajitanand, John M. Alexander, T. Ethvignot, P. [22] T. Reposeur, J. Clayton, W. Benenson, M. Cronquist, S. Han-
Bier, L. Kowalski, P. Dsequelles, H. Elhage, A. Giorni, S. nuschke, S. Howden, J. Karn, D. Krofcheck, A. Nadasen, C.
Kox, A. Lleres, F. Merchez, C. Morand, P. Stassi, J.B. Benra- Ogilvie, R. Pfaff, J.D. Stevenson, A. Vander Molen, G.D.
chi, B. Chambon, B. Cheynis, D. Drain, and C. Pastor, Phys. Westfall, K. Wilson, J.S. Winfield, and B. Young, Phys. Lett. B
Rev. C53, R1473(1996. 276, 418(1992.

[12] M. Gonin, J.P. Coffin, G. Guillaume, F. Jundt, P. Wagner, P.[23] E. Migneco, C. Agodi, R. Alba, G. Bellia, R. Coniglione, A.
Fintz, B. Heusch, A. Malki, A. Fahli, S. Kox, F. Merchez, and Del Zoppo, P. Finocchiaro, C. Maiolino, P. Piattelli, G. Raia,
J. Mistretta, Phys. Rev. 38, 135(1988. and P. Sapienza, Nucl. Instrum. Methods Phys. Rexl4 31

[13] R. Wada, D. Fabris, K. Hagel, G. Nebbia, Y. Lou, M. Gonin, (1992.
J.B. Natowitz, R. Billerey, B. Cheynis, A. Demeyer, D. Drain, [24] A. Del Zoppo, C. Agodi, R. Alba, G. Bellia, R. Coniglione, P.

D. Guinet, C. Pastor, L. Vagneron, K. Zaid, J. Alarja, A. Finocchiaro, C. Maiolino, E. Migneco, A. Peghaire, P. Piattelli,

Giorni, D. Heuer, C. Morand, J.B. Viano, C. Mazur, C. N§o and P. Sapienza, Nucl. Instrum. Methods Phys. Re82A

Leray, R. Lucas, M. Ribrag, and E. Tomasi, Phys. Re®%C 363(1993.

497 (1989. [25] D.G. Sarantites, L.G. Sobotka, T.M. Semkov, V. Abenante, J.
[14] M.T. Magda, T. Ethvignot, A. Elmaani, J.M. Alexander, P. Elson, J.T. Hood, Z. Li, N.G. Nicolis, D.W. Stracener, and J.

Desesquelles, H. Elhage, A. Giorni, D. Heuer, S. Kox, A. Valdes, Nucl. Instrum. Methods Phys. Res284, 319(1988.
Lleres, F. Merchez, C. Morand, D. Rebreyend, P. Stassi, J.B.26] T. Suomijarvi, Y. Blumenfeld, P. Piattelli, J.H. Le Faou, C.
Viano, F. Benrachi, B. Chambon, B. Cheynis, D. Drain, and C. Agodi, N. Alamanos, R. Alba, F. Auger, G. Bellia, Ph.
Pastor, Phys. Rev. @5, 1209(1992. Chomaz, R. Coniglione, A. Del Zoppo, P. Finocchiaro, N.

[15] T. Ethvignot, N.N. Ajitanand, J.M. Alexander, A. Elmaani, C.J. Frascaria, J.J. Gaardhoje, J.P. Garron, A. Gillibert, M. Lamehi-
Gelderloos, P. beesquelles, H. Elhage, A. Giorni, D. Heuer, S. Rachti, R. Liguori-Neto, C. Maiolino, E. Migneco, G. Russo,
Kox, A. Lleres, F. Merchez, C. Morand, D. Rebreyend, P. J.C. Roynette, D. Santonocito, P. Sapienza, J.A. Scarpaci, and
Stassi, J.B. Viano, F. Benrachi, B. Chambon, B. Cheynis, D. A. Smerzi, Phys. Rev. B3, 2258(1996.

044619-21



D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 (2002

[27] A. Chbihi, L.G. Sobotka, Z. Majka, D.G. Sarantites, D.W. [41] B.V. Jacak, G.D. Westfall, G.M. Crawley, D. Fox, C.K. Gel-
Stracener, V. Abenante, T.M. Semkow, N.G. Nicolis, D.C. bke, L.H. Harwood, B.E. Hasselquist, W.G. Lynch, D.K. Scott,
Hensley, J.R. Beene, and M.L. Halbert, Phys. Revi3C652 H. Stocker, M.B. Tsang, and G. Buchwald, T.J.M. Symons,
(1991 Phys. Rev. C35, 1751(198%, and references therein.

[28] K. Yoshida, J. Kasagi, H. Hama, M. Sakurai, M. Kodama, K. [42] J. Peter, J.P. Sullivan, D. Cussol, G. Bizard, R. Brou, M. Lou-
Furutaka, K. leki, W. Galster, T. Kubo, M. Ishihara, and A. vel, J.P. Patry, R. Regimbart, J.C. Steckmeyer, B. Tamain, E.
Galonsky, Phys. Rev. @6, 961 (1992. Crema, H. Doubre, K. Hagel, G.M. Jin, A. Peghaire, F. Saint-

[29] A. Fahli, J.P. Coffin, G. Guillaume, B. Heusch, F. Jundt, F. Laurent, Y. Cassagnou, R. Legrain, C. Lebrun, E. Rosato, R.
Rami, P. Wagner, P. Fintz, A.J. Cole, S. Kox, and Y. Schutz, Macgrath, S.C Jeong, S.M. Lee, Y. Nagashima, T. Nakagawa,

Phys. Rev. C34, 161(1986. M. Ogihara, J. Kasagi and T. Motobayashi, Phys. Let23,
[30] D. Jouan, B. Borderie, M.F. Rivet, C. Cabot, H. Fuchs, H. 187 (1990.

Gauvin, C. Gregoire, F. Hanappe, D. Gardes, M. Montoya, B[43] W.E. Ormand, P.F. Bortignon, A. Bracco, and R.A. Broglia,

Remaud, and F. Sebille, Z. Phys.340, 63 (1991). Phys. Rev. C40, 1510(1989.
[31] P.R. Bevington,Data Reduction and Error Analysis for the [44] J.B. Natowitz, R. Wada, K. Hagel, T. Keutgen, M. Murray, A.
Physical Science@McGraw-Hill, New York, 1969, p. 237. Makeevy, L. Qin, P. Smith, and C. Hamilton, Phys. Re\6%;
[32] T.C. Awes, G. Poggi, C.K. Gelbke, B.B. Back, B.G. Glagola, 034618(2002.
H. Breuer, and V.E. Viola, Jr., Phys. Rev.24, 89 (198J. [45] J.J. Gaardhoje, Annu. Rev. Nucl. Part. St2, 483(1992.
[33] T.C. Awes, S. Saini, G. Poggi, C.K. Gelbke, D. Cha, R. Leg-[46] G. Bellia, R. Alba, R. Coniglione, A. Del Zoppo, P. Finoc-
rain, and G.D. Westfall, Phys. Rev. Z5, 2361(19832. chiaro, C. Maiolino, E. Migneco, P. Piattelli, P. Sapienza, N.
[34] C.J. Gelderloos, Rulin Sun, N.N. Ajitanand, J.M. Alexander, E. Frascaria, |. Lhenry, J.C. Roynette, T. SuomijaN. Ala-
Bauge, A. Elmaani, T. Ethvignot, R.A. Lacey, M.E. Brandan, manos, F. Auger, A. Gillibert, D. Pierroutsakou, J.L. Sida, and

A. Giorni, D. Heuer, S. Kox, A. Lleres, A. Menchaca-Rocha, F. P.R. Silveira Gomes, Nucl. Instrum. Phys. Res329 173
Merchez, D. Rebreyend, J.B. Viano, B. Chambon, B. Cheynis, (1993.
D. Drain, and C. Pastor, Phys. Rev.52, 3488(1995. [47] G. Bellia, Nuovo Cimento A71, 370(1982.
[35] L. Beaulieu, R. Laforest, J. Pouliot, R. Roy, C. St-Pierre, G.C.[48] G. Bellia, A. Del Zoppo, E. Migneco, and G. Russo, Nucl.
Ball, E. Hagberg, D. Horn, and R.B. Walker, Nucl. Phys. Instrum. Methods Phys. Res. 226, 424 (1984).
A580, 81 (1994). [49] A.R. Lampis, J. Stevenson, W. Benenson, J. Clayton, D. Cebra,
[36] D. Sackett, A. Galonsky, C.K. Gelbke, H. Hama, L. Heilbronn, Y. Chen, D. Fox, E. Kashy, D.J. Morrissey, M. Samuel, R.
D. Krofcheck, W. Lynch, H.R. Schelin, M.B. Tsang, X. Yang, Smith, C.L. Tam, G.D. Westfall, K. Wilson, and J.S. Winfield,
F. Dek, A. Horvah, A. Kiss, Z. Seres, J. Kasagi, and T. Mu- Phys. Rev. C38, 1961(1988.
rakami, Phys. Rev. @4, 384 (1991. [50] A. Del Zoppo, P. Sapienza, R. Alba, R. Coniglione, E.
[37] M.F. Rivet, B. Borderie, P. Box, M. Dakowski, C. Cabot, D. Migneco, C. Agodi, G. Bellia, P. Finocchiaro, K. Loukachine,
Gardes, D. Jouan, G. Mamane, X. Tarrago, H. Utsonomiya, Y. C. Maiolino, A. Peghaire, P. Piattelli, and D. Santonocito,
El Masri, F. Hanappe, F. Sebille, and F. Haddad, in Proceed-  Nucl. Phys.A583, 363(1995.
ings of the XXXI International Winter Meeting on Nuclear [51] P. Piattelli, D. Santonocito, Y. Blumenfeld, T. Suomijarvi, C.
Physics, Milano, 1993, edited by I. lori, p. 92. Agodi, N. Alamanos, R. Alba, F. Auger, G. Bellia, Ph.
[38] E. Crema, S. Bresson, H. Doubre, J. Galin, B. Gatty, D. Guer- Chomaz, M. Colonna, R. Coniglione, A. Del Zoppo, P. Finoc-
rau, D. Jacquet, U. Jahnke, B. Lott, M. Morjean, E. Piaseki, J. chiaro, N. Frascaria, A. Gillibert, J.H. Le Faou, K. Loukachine,
Pouthas, F. Saint-Laurent, E. Schwinn, A. Sokolov, and X.M. C. Maiolino, E. Migneco, J.C. Roynette, P. Sapienza, and J.A.
Wang, Phys. Lett. B258 266 (1991). Scarpaci, Phys. Lett. B42, 48 (1998.
[39] M. Gonin, L. Cooke, B. Fornal, P. Gonthier, M. Gui, Y. Lou, [52] B. Remaud, C. Gigoire, F. Sbille, and P. Schuck, Nucl. Phys.
J.B. Natowitz, G. Nardelli, G. Nebbia, G. Prete, R.P. Schmitt, A488, 423¢(1989; F. Haddad, F. Sglle, M. Farine, V. de la
B. Srivastava, W. Turmel, D. Utley, H. Utsonomiya, G. Viesti, Mota, P. Schuck, and B. Jouault, Phys. Re%2°2013(1995.
R. Wada, B. Wilkins, and R. Zanon, Nucl. Phy%495, 139c  [53] G.F. Bertsch and S. Das Gupta, Phys. RE§0, 190(1988.

(1989. [54] M. Colonna, N. Colonna, A. Bonasera, and M. Di Toro, Nucl.
[40] R. Alba, R. Coniglione, A. Del Zoppo, C. Agodi, G. Bellia, P. Phys.A541, 295(1992.

Finocchiaro, K. Loukachine, C. Maiolino, E. Migneco, P. Pi- [55] A. Guarnera, Ph.D. thesis, University of Caen, 1996.

attelli, D. Santonocito, P. Sapienza, A. Peghaire, I. lori, L.[56] A. Bonasera, F. Gulminelli, and J. Molitoris, Phys. R2g3 1
Manduci, and A. Moroni, Phys. Lett. B22 38 (1994). (1994.

044619-22



