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Reaction dynamics and hot nuclei formation in the 36Ar¿98Mo reaction at 37A MeV
studied through light charged particle and g-ray emission
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Central and mid-central collisions which lead to the formation of a heavy residue in the 37A MeV 36Ar
198Mo 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 energy (Eg.30 MeV) g 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 andg rays, 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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I. INTRODUCTION

The study of nuclei in extreme conditions is the mo
fascinating aspect of modern nuclear physics. This rese
is developed along three axes; spin, isospin, and tempera
or excitation energy. Nucleus-nucleus collisions are a uni
tool to produce nuclei at high temperature, reaching th
limit of existence. It is of paramount importance to chara
terize as precisely as possible the hot nuclei produced
order to perform a detailed study of their behavior. This i
demanding task since dynamical effects play an impor
role in the formation of the excited nuclei role which in
creases with increasing bombarding energy.

Nucleus-nucleus collisions at low incident energy, bel
approximately 10A MeV, are mainly governed by statistica
dissipative processes, fusion@1,2# and deep-inelastic reac
tions @3# being the dominant reaction mechanisms. At the
energies the Pauli principle inhibits nucleon-nucleon co
sions and the reaction dynamics are dominated by mean
effects. Most of the observed light particles andg rays can
be accounted for through the statistical decay of the reac
partners or the fused system. Conversely, in the relativi
energy regime, nucleon-nucleon collisions play a domin
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role and the participant-spectator picture is applied to
scribe the reaction mechanism. In between, for bombard
energies 10A,Ebeam,100A MeV, as soon as the relativ
momentum of the colliding nuclei approaches the value
the intrinsic Fermi momentum of the nucleons, the Pa
principle become less effective and the influence of the
nuclear mean field on the reaction dynamics is significan
modified by the effect of individual nucleon-nucleon col
sions@4,5#.

In this energy domain, complete fusion is no longer t
dominant mechanism and reactions where only part of
kinetic energy of the projectile is transferred to the co
pound system take place@6–8#. Such reactions are esse
tially two body in nature, as a fast moving projectile remna
and a slower heavy excited recoil contain the bulk of t
mass in the exit channel. In this paper we will call su
reactionsincomplete fusionreactions, since fusionlike resi
dues exhibiting a large range of masses and linear mom
tum are produced@9–11# and the onset of preequilibrium
particle andg emission ascribed to nucleon-nucleon col
sions is observed@12,13#. However, it must be kept in mind
that substantial excitation energy may also be imparted to
projectile like nucleus, exhibiting some resemblance with
deep inelastic collisions well known at low bombarding e
ergies@14,15#. The two massive excited entities, which su
sequently decay according to statistical laws, are accom
nied by a copious production of preequilibrium ligh

ty,
©2002 The American Physical Society19-1
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particles andg rays. It is therefore a difficult task to extrac
precisely the characteristics of the hot nuclei produced, s
as spin, excitation energy, and temperature. The goal of
work is to obtain information on the first stage of the col
sions and on the evolution toward a thermalized but hig
excited system, through the detailed measurement of l
charged particles and high energyg rays emitted in coinci-
dence with heavy fusionlike residues.

In recent years much experimental and theoretical ef
has been devoted to the study of specific probes sensitiv
the pre-equilibrium phase of the collisions. Extensive stud
on the production of high energyg rays (Eg.30 MeV) in
heavy ion collisions at intermediate energies have sho
how these photons originate from the most energetic
chancepn collisions that take place in the early stage of t
nucleus-nucleus collision@16,17#. Such a hypothesis is sup
ported by a wealth of inclusive data@16#, that span a wide
range of energy and mass of the system, and some exclu
data@18–22# that convincingly demonstrated the validity o
the incoherent bremsstrahlung model. Since the photons
ter their production, do not interact with the surrounding m
dium, they carry an unperturbed signal of the first stages
the nucleus-nucleus collision.

In this paper we will focus on central and midcentral c
lisions between heavy ions, at energies close to the Fe
energy ('35 MeV), which lead to the formation of a heav
fusion residue. The unique characteristics of the MED
detector@23#, which was designed to detect high energyg
rays and light charged particles simultaneously, will allow
to follow the evolution of the central collisions from the fir
stages of the nucleus-nucleus reaction, dominated by
emission of very energetic nucleons and photons, to the
mation of an equilibrated hot system that eventually dec
through the emission of low energy photons and thermali
particles.

In Sec. II the experimental setup and the data anal
procedures will be described. A detailed analysis of the li
charged particle spectra will be presented in Sec. III, while
Sec. IV the analysis of the high energy gamma ray spe
will be presented and discussed. Section V will be devote
the discussion of high energy protons and photons. The
sults of dynamical model calculations will be presented
Sec. VI and will be compared to experimental data. Fina
conclusions will be drawn in Sec. VII.

II. EXPERIMENTAL METHODS

A. Experimental setup

The experiment was carried out at the Grand Acce´lérateur
National d’Ions Lourds~GANIL ! using an 36Ar beam of
37A MeV with an average intensity of 1.5 pnA impinging o
a 500 mg/cm2 thick 98Mo target. Light charged particle
and gamma rays were measured in coincidence with fus
like residues using the MEDEA multidetector@23# coupled
to a square (14314 cm2) Parallel Plate Avalanche Counte
~PPAC!. A schematic view of the experimental setup
shown in Fig. 1.

The MEDEA multidetector, which was described in det
in Ref. @23#, consists of a ball of 180 barium fluoride (BaF2)
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scintillators and a forward wall of 120 plastic phoswich d
tectors. The 20 cm thick scintillators that compose the b
are placed at 22 cm from the target and cover the po
angles from 30° to 170°. They are arranged in eight rings
24 detectors, each ring placed at a fixed polar angle
covering the whole azimuthal angle. The scintillators a
wrapped with a 100mm white teflon layer, to optimize the
light collection, and a 50mm mylar foil. The presence o
this material in front of the detector introduces thresholds
4 and 16 MeV on the detected protons and alpha partic
respectively. All the detectors cover the same solid angle
63 msr with the exception of those of the forward ring whi
cover 32 msr. The forward plastic wall, which covers t
polar angles between 10° and 30°, has a similar geom
with tapered detectors centered on the target. The phosw
detectors are composed of a 2 mmthick DE fast scintillator
~NE102A! backed by a 30 cm thick slow scintillator~NE115!
that acts as anE detector and can stop protons up to 2
MeV. Plastic scintillators are arranged in five rings of 2
detectors each placed at a distance of 55 cm from the ta
For these detectors a higher threshold, namely, 14 MeV
protons and 56 MeV for alphas, is introduced on the detec
particles by the 2 mm thickDE detector. However particles
stopped inDE, even if they cannot be identified, can still b
taken into account in the light charged particle multiplici
spectra. The essential geometrical characteristics of each
of detectors are summarized in Table I.

The total geometrical efficiency of the array is 3.8p. The
whole detector operates under vacuum inside a large sca
ing chamber to reduce the light charged particle detec
thresholds.

To allow for particle andg-ray identification in the BaF2
detectors a pulse shape analysis of the photomultiplier a
log signal and time of flight information was used. The Ba2
signal was split into three outputs with different relativ
weights and was charge integrated adopting two differ
gates, a fast gate 30 ns long and a total energy gate 70
long. The total energy gate was used for two of the th

FIG. 1. Artist view of the experimental setup showing th
MEDEA array and the forward PPAC detector.
9-2
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outputs, allowing two different dynamic ranges correspo
ing approximately to 30 and 170 MeV ofg-ray equivalent
full scale energy. The time of flight information with respe
to the cyclotron rf with a resolution of;1 ns was also mea
sured. An example of a time of flight spectrum measured
97.1° which clearly shows the separation betweeng-rays
and light particles is shown in Fig. 2.

A similar integration in two gates was also applied to t
analog signals of the phoswich detectors to obtain a cha
identification by means ofDE-E correlations. The detecto
gains were adjusted in order to allow for the identification
charges up toZ58 while retaining the isotope identificatio
of the Z51 particles.

The PPAC was located at 48 cm from the target in front
the phoswich detector wall and covered polar angles from

TABLE I. Main geometrical characteristics of the various dete
tor rings of MEDEA. The detectors are either plastic phoswich
tectors~PPD! or barium fluoride (BaF2) scintillators.

Ring Detector type umin umax ^u& Df V ~msr!

1 PPD 10.0° 12.5° 11.2° 15° 2.2
2 PPD 12.5° 16.0° 14.2° 15° 3.9
3 PPD 16.0° 20.0° 18.0° 15° 5.6
4 PPD 20.0° 25.0° 22.5° 15° 8.6
5 PPD 25.0° 30.5° 27.7° 15° 11.5
6 BaF2 30.5° 42.4° 36.5° 15° 31.8
7 BaF2 42.4° 60.5° 51.5° 15° 63.2
8 BaF2 60.5° 75.7° 68.1° 15° 63.2
9 BaF2 75.7° 90.0° 82.8° 15° 63.2

10 BaF2 90.0° 104.3° 97.1° 15° 63.2
11 BaF2 104.3° 119.5° 111.9° 15° 63.2
12 BaF2 119.5° 137.6° 128.5° 15° 63.2
13 BaF2 149.5° 170.0° 159.7° 30° 60.8

FIG. 2. Time of flight spectrum measured with a barium fluori
detector placed at 97.1°.
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to 22°; part of the phoswich wall was therefore shadowed
this detector, reducing its geometrical efficiency. This PP
yielded information on the energy loss and the time of flig
measured with respect to the cyclotron rf, of the detec
heavy residues.

The trigger condition was given by the coincidence b
tween the PPAC and at least one BaF2 detector fired, with an
energy threshold corresponding approximately to 2 MeV
g-ray deposited energy. The coincidence trigger avoids c
tamination of theg-ray energy spectra due to high ener
cosmic ray events by requiring the occurrence of a react
However, a fraction of cosmic rays that is randomly in co
cidence with true reaction events can still be present, bu
was shown in the off-line analysis to be negligible.

A minimum bias run was also carried out during the me
surement for normalization purposes. In this case the trig
condition was given by at least one BaF2 or one phoswich
detector firing with a low energy threshold. Using such
trigger condition, the measured reaction cross sec
amounts to 95% of the total reaction cross section.

B. Data reduction

The gamma energy calibration of BaF2 was performed
using the 4.4 and 6.1g-ray peaks from AmBe and PuCg-ray
sources and checked using as high energy reference poin
130-MeV g-equivalent signal given by cosmic muons tr
versing the full detector length, obtained as described in R
@23#. The light charged particle calibration was deduced fro
theg-ray one by adopting the prescriptions described in R
@24#. The particle energy was also corrected for the ene
loss in the detector wrapping material. The full scale ene
range was approximately 170 MeV for protons and 200 M
for alpha particles.

Particle andg-ray identification with the BaF2 detectors
was achieved in the off-line analysis by exploiting th
‘‘Fast’’–‘‘Energy’’ correlations and the time of flight infor-
mation. An example of ‘‘Time vs Energy’’ and ‘‘Fast vs En
ergy’’ scatter plots for a detector placed at 82.8° are show
Figs. 3~a!–3~b!. By applying contours to both these planes
unambiguous identification ofg rays, protons, and alpha pa
ticles was achieved while deuterons were not separated f
tritons.

In Fig. 3~a! the contours applied to selectg-rays and pro-
tons on the ‘‘Time vs Energy’’ scatter plot are shown. T
‘‘Fast vs Energy’’ scatter plots obtained retaining only tho
events inside the two contours are shown in Fig. 3~c! (g
rays! and Fig. 3~d! ~protons!. One observes that the time ga
itself already selects allg rays with a small contamination o
high energy protons. Applying an additional contour,
shown in Figs. 3~c! and 3~d!, yields a totally unambiguous
g-ray and proton identification. The same procedure was
plied for the high gain energy range. Low energy charg
particles, for which the fast component is too low a
merges in the charge-to-digital converter pedestal, could
be isotopically identified. Consequently thresholds of 8 a
20 MeV were introduced off-line in the sorting of proton an
a-particle spectra, respectively. However these low ene

-
-
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D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 ~2002!
particles were still taken into account in the light charg
particle multiplicity.

For the phoswich detectors particle identification w
achieved by applying cuts on theDE-E ~Fast-Energy! plane.
In the fast-energy representation@Fig. 4~a!# the data occupy a
region of the plane in between two lines that cross at
angle smaller than 90°. This is due to the mixing of the f
and slow components in the two integration gates. The
lines correspond to events in which the particles have b
stopped in theDE detector and events without theDE signal
~neutral particles!, respectively. To remove this mixing w
have adopted the method described in Ref.@25# which allows
the extraction of the trueDE andE signals@Fig. 4~b!#. Light
charged particles were identified up toZ57 –8 in most of
the phoswich detectors@Figs. 4~a! and 4~b!#, and isotopes
were clearly separated forZ51 @Figs. 4~c! and 4~d!#. The
energy calibration was deduced from a calibration run p
formed using monoenergetic particles taking as refere
values the punch through energies of protons anda particles.

C. Event selection

A scatterplot of energy loss vs time of flight measured
the PPAC for heavy residues is shown in Fig. 5. The bro
distribution that can be seen at large energy losses ca
associated with fusionlike events similarly to what has be

FIG. 3. Example of bidimensional correlation scatter plots, t
allow for particle identification with the BaF2 detector. The data are
relative to a detector placed at 82.8°.~a! ‘‘Time’’ vs ‘‘total energy’’
scatter plot shows the good time resolution allowing a clear se
ration betweeng rays and light charged particles. The two contou
shown are the selection cuts forg rays and protons.~b! ‘‘Fast’’ vs
‘‘total energy’’ scatter plot for the same BaF2 detector showing the
separation among protons, deuterons and tritons together and
particles.~c! ‘‘Fast’’ vs ‘‘total energy’’ scatter plot sorted selectin
the g-ray events with the cut of panel~a!. ~d! ‘‘Fast’’ vs ‘‘total
energy’’ scatter plot sorted selecting the proton events with the
of panel~a!.
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previously observed in the36Ar190Zr reaction at 27A MeV
studied with the same detector setup@26#, and in similar
reactions with an analogous recoil detection system@27,28#.
Here a higher threshold was set on the energy loss sign
eliminate events associated with peripheral reactions. O

t

a-

ha

ut

FIG. 4. a! ‘‘Fast’’ vs ‘‘total energy’’ scatter plot for a phoswich
detector showing charged particles separation upZ57. ~c! A zoom
on the low ‘‘fast’’ region of the same detector shows the ma
resolution forZ51 particles.~b! and~d! are the same as~a! and~c!,
respectively, after the correction for the signal mixing that gives
true DE-E response~see the text for details!.

FIG. 5. Two dimensional ‘‘energy loss’’ vs ‘‘time of flight’’ scat-
ter plot obtained from the PPAC. The fusion-like residue events
were retained for the analysis are enclosed in the contour line.
9-4
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REACTION DYNAMICS AND HOT NUCLEI FORMATION . . . PHYSICAL REVIEW C66, 044619 ~2002!
the fusion-like events enclosed in the contour shown in
figure were retained in the analysis. The time of flight sp
trum was calibrated using a time calibrator and the ela
peak position was obtained in a run with the PPAC in trigg
and the ‘‘op’’ of all MEDEA detectors in anticoincidence.

The time spectrum observed~Fig. 6! shows a broad dis
tribution of residue velocities with a mean value correspo
ing to 58% of the center of mass velocity, which correspon
to 50% of linear momentum transferred to the residue
value lower than predicted by the Viola systematics@7# for
incomplete linear momentum transfer. These systematics
on measurements with light projectiles (A<20); in particu-
lar above 20A MeV the results were taken from measur
ments usinga particles. Departures from these systemat
were already observed in previous experiments where a
pendence of the momentum transfer on projectile mass
on system asymmetry was found using40Ar as a projectile
@29#.

The width of the time spectrum reflects the fact that ma
different linear momentum transfers are populated in the
action at a single bombarding energy, which is one of
attractive features of intermediate energy heavy ion co
sions. By gating on the recoil velocity, one will be able
study reactions with different linear momentum transfers a
different deposited excitation energies. However, it must
kept in mind that the distribution is also broadened by p
ticle evaporation, the more so at the highest velocities wh
are expected to correspond to the highest excitation ene
for which evaporated particle multiplicities will be the larg
est. Nevertheless, previous experiments performed by de
ing light charged particles in coincidence with a heavy re
due at similar bombarding energies@13,27,28,30# have
shown that the event selection in terms of residue velocit
able to select collisions characterized by a different cent
ity; in normal kinematics central collisions give rise to
larger linear momentum transfer and therefore to higher
locities of the residue, the maximum being reached in co
plete fusion events.

In the present study, the emission ofg rays and light
charged particles is investigated as a function of the dete
recoil velocity. The velocity spectrum of the evaporati

FIG. 6. Velocity spectrum of the evaporation residues detec
in the PPAC. Vertical lines correspond to the different velocity b
adopted in the analysis.
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residues was analyzed in terms of the ratio of the resi
velocity to center of mass velocityvR /vc.m.. It was divided
into seven bins~Fig. 6! whose average velocities are report
in Table II. A first indication of the evolution of the dynamic
as a function of the recoil velocity can be deduced from
trend of light charged particle multiplicities detected
MEDEA. As shown in Fig. 7 the raw light particle multiplic
ity increases as a function of the recoil velocity. Since lig
particle multiplicity is known to be a good indicator of th
centrality of the collision it already appear that gating
large recoil velocity selects events of increasing centralit

III. ANALYSIS OF THE LIGHT CHARGED
PARTICLE SPECTRA

At intermediate bombarding energies light charged p
ticles are emitted throughout the whole nucleus-nucleus
lision with different time scales: from the first phase, wh
the emission of the most energetic particles takes place,
later stage when thermal equilibrium is reached and stat
cally emitted particles cool down the excited fragments
deeper knowledge of the collision dynamics and the evo
tion from a preequilibrium stage toward a thermalized s
tem can be obtained from the investigation of the lig

TABLE II. Bin limits and average velocity values~columns 2
and 3! for the seven velocity bins used in the data sorting.

Velocity bin vR /vc.m. limits ^vR /vc.m.&

V37 0.30–0.40 0.37
V45 0.40–0.50 0.45
V55 0.50–0.60 0.55
V65 0.60–0.70 0.65
V73 0.70–0.80 0.73
V85 0.80–0.90 0.85
V93 0.90–1.00 0.93

d

FIG. 7. Evolution of the raw light charged particle multiplicit
as a function of the recoil velocity.
9-5
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par5ticle energy spectra, provided that one is able to dis
tangle the different sources. Therefore, light charged part
energy spectra emitted in coincidence with the evapora
residues were sorted according to the velocity bins pre
ously mentioned and analyzed in terms of different emitt
sources.

A. Identification of the light charged particle sources

As a first step, in order to identify the sources contributi
to the particle emission, two-dimensional Galilei-invaria
velocity distributions were plotted as a function of the velo
ity components parallel and perpendicular to the beam di
tion (v i , v') for protons, and alpha particles. This represe
tation allows us to clearly localize in terms ofv i the position
of the different sources since they manifest themselves
circles centered at differentv i values. If the events selecte
encompass a range of source velocities, the loci of the

FIG. 8. Galilei-invariant proton cross section as a function of
velocity components parallel and perpendicular to the beam di
tion. The distributions shown refer to the V37, V65, and V93 b
and to the minimum bias~MB! run.
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ticles will be diffuse ellipses rather than circles. As an e
ample, Figs. 8 and 9 show the two-dimensional Galil
invariant velocity distributions for protons and alph
particles detected in coincidence with residues belonging
the velocity bins characterized byvR /vc.m. 0.93, 0.65, and
0.37 together with the results from the minimum bias d
set. Two sources can be clearly identified: a slow source
a fast source with a velocity close to the projectile veloc
~8.75 cm/ns indicated by an arrow in the figure!. The relative
intensities of these two sources change as a function of
recoil velocity; in particular from the highest to the lowe
velocity bin an increase of the contribution from the fa
source can be seen. This contribution is even larger for
minimum bias data set. However, these two sources are
sufficient to explain all the observed yield and the introdu
tion of a third mid-velocity source is therefore necessa
This source can be identified in the proton velocity distrib
tions as giving rise to the highest transverse velocity p

e
c-

FIG. 9. Galilei-invariant alpha cross section as a function of
velocity components parallel and perpendicular to the beam di
tion. The distributions shown refer to the V37, V65, and V93 bi
and to the minimum bias~MB! run.
ving
TABLE III. Multiplicities, temperatures, and velocities of the fast source extracted from the mo
source fits for protons and alpha particles. MB stands for minimum bias data set.

Bin ^vR /vc.m.& M p Tp ~MeV! (v/c)p Ma Ta ~MeV! (v/c)a

V37 0.37 0.7860.04 3.960.1 0.2860.01 1.2060.06 5.460.1 0.2460.01
V45 0.45 0.7260.04 4.160.1 0.2860.01 1.1060.05 5.560.1 0.2460.01
V55 0.55 0.7360.04 4.260.1 0.2860.01 1.0060.05 5.760.1 0.2360.01
V65 0.65 0.7060.03 4.260.1 0.2860.01 0.9060.05 5.860.1 0.2360.01
V73 0.73 0.6960.03 4.260.1 0.2860.01 0.8060.04 5.860.1 0.2460.02
V85 0.85 0.6860.03 4.360.1 0.2860.01 0.7060.04 6.060.1 0.2360.02
V93 0.93 0.6760.04 4.360.1 0.2860.01 0.6060.04 6.160.1 0.2360.02
MB – 0.7060.03 3.660.1 0.2860.01 0.5460.04 5.060.1 0.2560.02
9-6
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TABLE IV. Multiplicities, temperatures, and velocities of the intermediate velocity source extracted
the moving source fits for protons and alpha particles.

Bin ^vR /vc.m.& M p Tp ~MeV! (v/c)p Ma Ta ~MeV! (v/c)a

V37 0.37 1.2260.05 10.460.1 0.1460.01 1.0060.05 11.660.1 0.1460.01
V45 0.45 1.6060.08 10.660.1 0.1460.01 1.1060.06 11.660.1 0.1560.01
V55 0.55 1.7460.09 11.160.1 0.1460.01 1.1060.06 11.660.2 0.1560.02
V65 0.65 1.9460.09 11.460.1 0.1460.02 1.2060.07 11.760.2 0.1560.02
V73 0.73 2.0060.10 11.760.2 0.1460.02 1.2060.06 11.560.1 0.1560.02
V85 0.85 2.0060.10 12.060.2 0.1360.02 1.2060.07 11.460.1 0.1560.02
V93 0.93 1.9260.09 12.260.2 0.1360.02 1.3060.07 11.660.2 0.1560.02
MB - 0.5060.03 10.160.1 0.1460.01 0.6360.03 11.360.1 0.1560.01
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ticles. In the alpha velocity distribution this source is le
evident but it will be shown that its presence is needed
order to obtain a reasonable fit to the energy spectra.

B. Analysis in term of moving source fit

In order to extract information about velocities, emitt
particle multiplicities and temperatures of the differe
sources and gain a deeper understanding of the evolutio
the system towards thermal equilibrium, the experimen
light charged particle kinetic energy spectra were reprodu
by a moving source fit in which the particles are assumed
be emitted isotropically from three moving sources. The
ergy distribution of the emitted particles were parametriz
in the source rest frame, adopting a surface-type Maxwel
distribution given by

d2M

dVdE
5

M

4pT2
~E2Ec!exp@2~E2Ec!/T#, ~1!

where Ec is the Coulomb barrier of the particle,T is the
source temperature andM is the multiplicity. The Maxwell-
ian distribution is then transformed in the laboratory ref
ence frame in order to carry out the fit of the spectra us
the relation

F d2M

dVdEG
lab

5S Elab

E8
D 1/2F d2M

dVdEG
E5E8

, ~2!
04461
s
n

t
of
l
d

to
-
,
n

-
g

where the particle energyE8 in the source reference frame
given by

E85Elab1Es22~ElabEs!
1/2cosus , ~3!

whereEs indicates the energy of a particle moving with th
source velocity.

The spectra were analyzed assuming three sources pa
etrized as Eq.~1!: fast, slow, and intermediate velocit
sources. The fitting was performed using ax2 minimization
procedure. In the fitting procedure the multiplicities, tem
peratures and velocities of all the sources have been le
free parameters, while the values of the Coulomb barr
were fixed to 1, 1, and 4 MeV for the fast, intermediate, a
slow velocity sources, respectively, in the case of proto
and to 2, 4 and 10 MeV in the case of alpha particles. N
that the sensitivity of the fit to small changes of the Coulom
barrier values for the intermediate and the fast source
small.

The particle spectra were simultaneously fit with the s
perposition of the three sources. In the case of alpha parti
the energy spectra at angles larger than 90° can be rea
ably reproduced using only the slow source. For this reas
the fit procedure was performed in two successive steps:
of all a fit procedure using a single surface-type Maxwelli
source was performed to analyze the alpha particle spe
beyond 90°, then the deduced values of temperature
velocity were adopted as fixed parameters in the three m
ing source fits. The extracted parameters~multiplicity, tem-
perature and source velocity! for the fast, intermediate and
ving
TABLE V. Multiplicities, temperatures, and velocities of the slow source extracted from the mo
source fits for protons and alpha particles.

Bin ^vR /vc.m.& M p Tp ~MeV! (v/c)p Ma Ta ~MeV! (v/c)a

V37 0.37 1.4960.07 5.160.2 0.02860.004 0.8060.04 5.760.2 0.03060.003
V45 0.45 1.6660.08 5.360.2 0.03660.005 1.0060.05 5.860.2 0.03660.004
V55 0.55 1.8260.08 5.460.2 0.04060.005 1.3060.06 6.060.2 0.04060.004
V65 0.65 1.9360.09 5.560.2 0.04360.005 1.5060.07 6.260.2 0.04360.004
V73 0.73 1.9960.09 5.860.2 0.04760.005 1.6060.07 6.560.2 0.04660.005
V85 0.85 2.0060.10 6.060.2 0.05060.005 1.7060.09 6.760.2 0.04860.005
V93 0.93 2.0660.10 6.260.2 0.05260.005 1.8060.09 6.960.2 0.05060.005
MB - 0.4960.03 5.860.2 0.04060.004 0.2860.02 6.760.2 0.04260.004
9-7
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FIG. 10. Proton energy spectr
measured at laboratory angle
ranging from 14.2° to 159.7° in
the minimum bias~MB! run and
in coincidence with evaporation
residues for different velocity
bins. The solid lines are the resu
of the moving source fit describe
in the text.
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slow velocity sources are listed in Tables III, IV, and V
respectively. The uncertainties quoted correspond to
change in a parameter that increasesx2 by 1, with all the
other parameters fixed at their optimum values@31#. Repre-
sentative proton and alpha spectra and associated fits~solid
lines! for different velocity bins are shown in Figs. 10 an
11; the agreement is excellent for all velocity bins in t
whole angular range covered.

In order to point out the evolution of relative contribu
tions of the different sources as a function of the detect
angle the contributions relative to each of the three sou
and their overall sum are presented for the V65 velocity
~0.65 vc.m.) in Figs. 12 and 13. The fast source compon
~dot-dashed curve!, which represents the dominant contrib
tion to the total yield at forward angles, progressively d
creases with increasing polar angle and becomes neglig
beyond 60°. The slow source component~dashed curve!
governs the low energy part of the spectra beyond 30°
coming increasingly important at backward angles. The
termediate velocity component~dotted! contributes strongly
to the high energy part of the spectra; actually it is the o
source giving a significant contribution to the proton spec
above 40 MeV for angles greater than 42.4°. Figures 14
15 show the evolution of the relative contributions of t
three sources for protons and alphas as a function of diffe
04461
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velocity bins at forward (22.5°) and backward (111.9
angles. Proton spectra at forward angles~top panels in Fig.
14! show a marked increase of the intermediate veloc
source contribution~dotted! as a function ofvR /vc.m. while
at backward angles~bottom panels Fig. 14! the relative con-
tribution of the two sources~slow and intermediate! is rather
constant. Alpha particle spectra at forward angles~top panels
in Fig. 15! show a trend similar to that previously observ
for proton spectra. At backward angles the spectra are do
nated by the emission of the slow source with the interm
diate source giving only a small contribution.

Deuterons and tritons also carry a significant fraction
the total momentum. Unfortunately, as indicated in Sec. II
it was not possible experimentally to separate these two
cies in the BaF2 detectors. Therefore, deuteron and trit
spectra were only fitted at forward angles covered by
phoswich detectors (u lab,30°), where the projectilelike
contribution is dominant, to extract temperature, velocity a
the multiplicities Md and Mt of deuterons and tritons, re
spectively. For larger angles a fit of the sum spectra of d
terons plus tritons was performed assuming an effective
ticle mass equal to (2•Md13•Mt)/(Md1Mt). Source
velocities were fixed to the values extracted from the pro
anda-particle spectra analysis. This approximate proced
was adopted with the aim of estimating the deuteron a
ry

t

t

FIG. 11. Alpha particle energy
spectra measured at laborato
angles ranging from 14.2° to
128.5° in the minimum bias~MB!
run and in coincidence with
evaporation residues for differen
velocity bins. The solid lines are
the result of the moving source fi
described in the text.
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FIG. 12. Contributions of the three Maxwe
lian sources adopted in the fit to the proton spe
tra detected in coincidence with evaporation re
dues belonging to the V65 velocity bin for all th
detection angles in the laboratory frame. The co
tribution of the evaporation residue is shown b
the dashed curve, the intermediate veloc
source by the dotted line, and the projectilelik
source by the dot-dashed curve. The solid line
the result of their sum.
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triton multiplicities and temperatures of the intermedia
source to be used to evaluate the excitation energy and
mass of the hot recoiling nucleus formed in incomplete
sion events prior the evaporation stage which, from now
we will call primary residue. However, its reliability was als
checked by simulations. The results of the fit indicate that
multiplicity of nucleons associated to the emission of deu
ons and tritons from the fast source ranges from 2.4 to
decreasing with increasing residue velocity. The contribut
of the intermediate source ranges from 2 to 3.6 nucle
emitted, while the temperature is almost constant as a fu
tion of residue velocity ranging from 11 to 11.7 MeV.

C. Interpretation of the three sources

Moving source fits to particle energy spectra have b
widely used in the determination of the temperatures of em
ting sources@13,28,32,33#. The extent to which the source
used in the fits represent real physical sources for whic
temperature can be defined, or are merely a good param
zation able to describe a mixture of processes is often
clear. In this case, the slow source can be ascribed with
fidence to a real physical source which is the excited rec
ing nucleus, the residue of which is detected in the PPA
The fast source may either correspond to an excited pro
04461
he
-
,

e
r-
.8
n
s
c-

n
t-

a
tri-
ot
n-
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.
c-

tilelike nucleus which decays in flight, or to an ensemble
nucleons and alpha particles which originate from the p
jectile and have only weakly interacted during the collisio
The introduction of an intermediate velocity source is a co
venient way to mimic the emission of pre-equilibrium pa
ticles, but can in no way be interpreted as a thermaliz
excited nucleus decaying by light particle emission. T
point will be clarified in the following where we will de-
scribe in detail the behavior of the proton anda-particle
sources as a function of the recoil velocity. To allow a qui
comparison of the results of the fits, the values of multipl
ity, temperature and velocity extracted from the fits are
ported in Fig. 16.

1. Fast source

The fast source exhibits a rather constant velocity value
a function ofvR /vc.m.. In the proton, deuterons and triton
fits it is approximately equal to the beam velocity, whi
alpha particles fits give a slightly smaller velocity value, b
still very close to beam velocity (vbeam/c50.28).

Particle multiplicity values decrease as a function of t
ratio vR /vc.m.. This trend is more evident in the case
alpha particles than for allZ51 particles, and is consisten
with an interpretation of this source as a projectilelike sou
9-9
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D. SANTONOCITOet al. 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 (u522.5°) and backwardu
5111.9° angles. The contribution
of the evaporation residue i
shown by the dashed curve, th
intermediate velocity source by
the dotted line, and the projectile
like source by the dot-dashe
curve. The solid line is the resul
of their sum.

FIG. 14. Contributions of the
three Maxwellian sources adopte
in the fit to the alpha particle spec
tra detected in coincidence with
evaporation residues belonging t
the V65 velocity bin for all the de-
tection angles in the laborator
frame. The contribution of the
evaporation residue is shown b
the dashed curve, the intermedia
velocity source by the dotted line
and the projectilelike source by
the dot-dashed curve. The soli
line is the result of their sum.
044619-10
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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 (u522.5°) and backwardu
5111.9° angles. The contribution
of the evaporation residue i
shown by the dashed curve, th
intermediate velocity source by
the dotted line, and the projectile
like source by the dot-dashe
curve. The solid line is the resul
of their sum.
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whose contribution decreases with the increase of the
trality of the reaction: larger residue velocities are interpre
as due to larger massive transfer taking place in more ce
collisions which leave smaller projectilelike residues.
principle in this scenario one would expect the projectilel
contribution to vanish for the most central collisions. S
prisingly enough we still observe a non-negligible contrib
tion of the fast source even for the fastest residue velo
bin, which, as we will show later in Sec. V, corresponds
collisions in which the complete overlap of the project
with the target is reached. However, in Refs.@11,34# it was
shown how an extended concept of the projectilelike sou
should be taken into account in the case of central collisi
in the 40Ar1natAg reaction at 34A MeV, to include also
ejectiles which retain some memory of the translational m
04461
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tion of the projectile, but are almost directly ejected from t
collision zone. This idea of ‘‘source’’ is quite different from
that of a heated projectilelike fragment emerging from t
collision zone and undergoing an evaporation-like decay,
latter process being surely important for peripheral co
sions.

The striking feature, however, is represented by the la
alpha particle multiplicities compared to those for proton
Large cross sections for multialpha events have already b
observed in peripheral collisions involving light and mediu
light projectiles, such in the case of the35Cl1197Au reaction
at 30A MeV @35#. A possible explanation for this observatio
can be a sudden breakup of an excited quasiprojectile for
in the reaction, in particular in the present case where
36Ar projectile may well exhibit ana particle substructure
d

d

c-
f

s

e

FIG. 16. Summary of the re-
sults obtained from protons an
alphas fit for different velocity
bins. Velocities, temperatures, an
multiplicities of the fast, interme-
diate, and slow sources, respe
tively, are shown as a function o
thevR/vc.m. ratio. Full symbols re-
fer to protons, while open symbol
refer to alphas. The full line in
lower panel shows the trend of th
recoil velocity measured with the
PPAC.
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D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 ~2002!
This mechanism can also explain the anomalously large t
peratures observed for alpha particles which range from
to 6.1 MeV with a small dependence on the velocity of t
heavy residue. Lower temperature values, with a weaker
pendence onvR /vc.m. are instead observed for protons. The
values are in good agreement with the observations mad
similar reactions for the projectilelike source in case of p
ton @13# and neutron@36# spectra.

2. Slow source

The velocities of the slow source extracted from the fits
all light charged particle spectra are equal within the er
bars. Moreover these values are in remarkable agreem
with the measured recoil velocity up tovR /vc.m.50.65~solid
line in Fig. 16!. This result gives confidence in the validity o
the fit procedure, and supports the interpretation of t
source as the compound nucleuslike source. The disag
ment observed for larger values ofvR /vc.m., where the fits
tends to give values below the measured residue velo
could be interpreted in terms of a saturation of the mom
tum transfer; in this scenario the fastest residues would
be correlated to an almost complete momentum transfer
to velocity fluctuations following a large amount of partic
emission.

Proton and alpha particle multiplicities and temperatu
increase as a function of the residue velocity. These res
are in agreement with the interpretation of a heavy resi
whose excitation energy and mass increase as a functio
the recoil velocity and support the picture of an incompl
fusion reaction giving rise to more and more excited co
pound systems with increasing violence of the collision. T
temperature and multiplicity values extracted from the fits
alpha particle spectra are very similar to those reported
the Ar1Ag reactions studied between 27 and 60A MeV
where a heavy residue was detected in coincidence with l
charged particles@37#. The value of almost 7 MeV reporte
in Ref. @38# deduced from analysis of alpha spectra in t
most central collisions, points to a saturation of the hea
residue temperature and therefore of the excitation ene
As a further evidence of this effect, similar results were a
obtained using the reaction84Kr1197Au at 32A MeV @38#.

Temperature values for the compound nucleus like sou
extracted from particle spectra increase from a value o
MeV up to 6.2 MeV for protons and from 5.7 to 6.9 MeV fo
alpha particles. However the ratioTa /Tp remains constant a
a value of;1.1 over the whole range explored. This can
understood if one considers that these measured ‘‘appa
temperatures’’ represent a weighted average over the e
deexcitation cascade. In the case ofa particles, which are
preferentially emitted in the first steps of the cascade,
expects the observed value to be closer to the initial temp
ture of the fusionlike nucleus. This interpretation is co
firmed by the findings of Goninet al. @39#, who investigated
the dependence of the apparent temperature on the pa
species in the reaction Ni1Mo at 550 and 655 MeV bom
barding energies. Although, based on these considerat
one may expect the initial temperatures to be slightly hig
than those measured froma-particle spectra, we will adop
in the following the conservative approach of assumimgTa
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as temperature of the fusionlike system.

3. Intermediate velocity source

The so-called intermediate velocity source exhibits a
locity roughly equal to half of the beam velocity for all ligh
charged particles, regardless of the velocity bin conside
The value is equal to the nucleon-nucleon center of m
velocity and is in agreement with the systematics for re
tions at intermediate energies@13,27,40,41#.

The observed temperatures show a rather smooth incr
as a function ofvR /vc.m. ratio for protons, while alpha par
ticle temperatures exhibit an almost flat behavior~Fig. 16!.
The need of a large slope parameter~or temperature param
eter! for the intermediate source in three source moving
is well documented@5,13,27,40#. Proton slope values ob
served as a function of the incident energy are well descri
by the relation valid for surface emission,

T5
Ebeam

8AP
16 MeV, ~4!

whereEbeamis the beam energy in MeV andAP is the num-
ber of projectile nucleons. This estimate@5# arises from com-
bined effect of the beam velocity and the Fermi motion
the energy of protons emitted following a single scatter
between a projectile and a target nucleon. Equation~4! gives
a temperature value of 10.6 MeV compared to.11 MeV
obtained from the proton fits.

The proton multiplicity increases as a function
vR /vc.m., in agreement with a scenario in which the emitt
protons come from first chance nucleon-nucleon collisio
Under this assumption, the increase of the multiplicity a
function of the residue velocity bins reflects the size of t
interaction region; a similar trend was already observed
higher energies@40,42#, and supports the idea of faster res
dues connected to more central collisions. A slight incre
with residue velocity is also observed for thea particle mul-
tiplicity. However, the interpretation of the intermediate v
locity source fora particle is rather controversial.

It seems clear that the intermediate velocity source ste
from nonequilibrium particles emitted in the early stage
the reaction. More information on this stage should be p
vided by the study of high energyg rays which is undertaken
in Sec. V.

4. Momentum partition among sources

The multiple source scenario is undoubtedly a drastic s
plification of the real reaction dynamics, but it can lead to
understanding of the momentum balance in the reaction
therefore to an estimation of the excitation energy of
primary composite nuclei which eventually de-exc
through statistical emission of the light particles andg rays.
In order to infer the excitation energy transferred to t
heavy residue, a procedure similar to that proposed in R
@27# was adopted, and applied to each of the residue velo
bins. Following this approach the excitation energy can
calculated estimating the initial momentum transfer assu
ing that all particles emitted from the projectilelike sour
9-12
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TABLE VI. The average momentum sharing among projectile, intermediate, and slow sources is sh
the first three columns. Columns 4 and 5 show the average mass carried away, respectively, by the p
and intermediate velocity source. The contribution of the undetected mass to the total projectile mass t
with the primary residue mass and its excitation energy calculated following the procedure described
text are presented in the last three columns.

Velocity bin ^Pf ast /Ptot& ^Pint /Ptot& ^Pslow /Ptot& M P2 l ike M int DA ^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 15.5 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 5.5 109 390
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 3.5 111 460
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are not contributing to the transfer, and then subtracting
contribution carried away by preequilibrium emission. T
momentum removed by the projectilelike and intermedi
velocity sources was estimated by affecting their respec
source velocity to each of the particles emitted by th
sources. The detection system used being blind to neutr
it was assumed that for both sources the neutron and pr
multiplicities are equal. This appears reasonable, as the36Ar
projectile is anN5Z nucleus.

Using momentum conservation, it is then possible to co
pute a velocity for the heavy recoiling fragment, which ge
erally turns out to be larger than the velocity of the slo
source extracted from the moving source fit. This discr
ancy is attributed to the existence of a beam velocity pro
tile fragment which would not be detected by the experim
tal setup. The mass of this fragment appears to decrease
increasing centrality, going fromA512.5 for the most pe-
ripheral reactions toA53.5 for the most central reactions i
agreement with a reaction mechanism proceeding throug
incomplete fusion scenario.

Assuming that the procedure outlined above accounts
the bulk of the mass which is not transferred to the he
recoiling fragment, it is then possible to estimate the aver
excitation energy and mass of the primary residue be
statistical decay for each velocity bin and to follow the ev
lution of the momentum sharing~and energy sharing! among
sources as a function of the centrality of the reaction. T
results of this analysis are given in Table VI. The avera
number of projectile-like nucleons not contributing to t
momentum transfer increases from 9.5 for the highest ve
ity bin to 21.5 amu for the bin associated to the lowest tra
fers. These numbers include the contribution of the un
served fragment mass which increase from a value of ab
3.5 amu to about 12.5 amu. This might be an indication t
for low transfers the missing mass and momentum
mainly carried away by a large fragment.

The average number of nucleons emitted by the inter
diate source~pre-equilibrium emission! ranges from 8.5 to
12.7. The associated momentum removed by this so
ranges from 11% to 17% of the total momentum and the
fore it gives a non-negligible contribution in lowering th
excitation energy and mass of the compound system for
in the reaction.
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D. Characteristics of the fusionlike source

The approach described above allows us to estimate
average mass of the heavy recoil at the end of the pree
librium emission phase. From momentum and mass con
vation it follows that the mass of the recoil increases w
momentum transfer from 104 amu to 111 amu~see Table
VI !. At the same time the excitation energy of the syst
increases from 280 MeV up to 460 MeV, showing that high
excited nuclei are produced in events associated with
largest momentum transfers.

The independent measure of the excitation energy
temperature of the system, respectively from momentum
energy conservation considerations and fit of alpha part
spectra for all velocity bins, allows a comparison of the tre
of our data with respect to the predictions of the Fermi g
formula E5aT2, wherea5A/K is the level density param

FIG. 17. Temperature of the primary residue as a function of
excitation energy per nucleon. Full symbols are experimental d
while the different curves show the Fermi gas estimate for the c
relation between the two variables using different level density
rametera5A/K, with K ranging fromK510 to 13 MeV.
9-13
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FIG. 18. Gamma spectra de
tected at different angles in th
laboratory frame in coincidence
with residues having an averag
velocity equal to 65% of the c.m
velocity.
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eter. In Fig. 17 the temperature of the system extracted f
the fit of alpha particle spectra is shown as a function
E* /A. The different lines represent the prediction of t
Fermi gas formula for different values ofK ranging from
K510 to 13 MeV. All data points are enclosed betweenK
511 and 12 MeV, confirming a theoretical calculation whi
predict an increase of the level density parameter fromK
58.5 MeV at zero temperature toK512 MeV aboveT
55 MeV for nuclei in theA5110 mass region@43#. The
trend observed has been compared with a recent work on
caloric curves where temperature extracted using slope
particle spectra and double isotope yield ratio are compa
for different reactions@44#. The effect of a mass dependen
on the caloric curve is also investigated, and conclusions
drawn concerning limiting temperatures and excitations
ergies at which a departure from the Fermi gas trend se
and a flattening is observed. The caloric curve extracted
our work is in good agreement with systematics shown in
paper for excitation energies between 2.7 and 4.1 M
nucleon. Indeed, in this mass region, the systematics s
evidence for limiting temperature of about 7 MeV, and
departure from the Fermi gas trend for energies abov
MeV/nucleon and therefore above the excitation ene
range investigated in this paper.

IV. GAMMA RAY SPECTRA

A. Raw data

Gamma ray spectra have been measured with the B2
detectors in the angular range between 42° and 170°
coincidence with fusionlike residues. The data have b
sorted according to the previously described velocity b
used for the charged particle analysis. As an example,g-ray
spectra measured at different angles in coincidence with
sionlike residues, belonging to the 65% center of mass
locity bin are presented in Fig. 18. These spectra can
qualitatively understood as being composed of three com
nents of different origin. The low energy range (Eg
,10 MeV) can be explained in terms of emission from t
compound nucleus at the end of the deexcitation proc
which gives rise to a steep exponential component with
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verse slopes of the order of 1.5–2 MeV. This statistical co
ponent is almost independent of the initial excitation ene
and mass of the compound nucleus. At high energy (Eg

.35 MeV) an exponentially decreasing component, with
verse slope values of the order of 10 MeV, extends to v
high energies. The commonly accepted explanation of
component is in terms of nucleon-nucleon bremsstrahl
originating during the initial stages of the reaction@16#. In
the rangeEg510–20 MeV, g rays from the decay of the
giant dipole resonance excited in the fusionlike nuclei g
rise to a characteristic bump in the spectrum@26,45# centered
at about 15 MeV. This value is consistent with an emiss
from an excited nucleus of mass'110.

Comparing the spectral shape at different angles~Fig. 18!
it can be noted that, while the low energy statistical con
bution shows slight differences due to Doppler shift effe
as a function of the detection angle, the high energy com
nent exhibits a sharp dependence on the detection angle
coming steeper with increasing polar angle. This trend,
ready observed in previous experiments, suggests
emission from a fast moving source.

In the following we will concentrate on the high energ
component. In order to study the origin of this compone
the spectra were normalized to the number of fusionlike re
due events for each bin. This number was deduced fro
minimum bias run where only the PPAC triggered the acq
sition system by using the integrated beam current meas
in the Faraday cup and taking into account the overall d
time.

Event selection based on residue velocity allows the st
of the evolution of the gamma multiplicity, the inverse slo
parameter and to search for any variation in the emitt
source velocity as a function of the ratiovR /vc.m..

B. Unfolding of the experimental photon spectra

The experimental photon spectra are related to the h
photon cross section by

d2N

dVdEd
5CE

0

`

R~Eg ,Ed!
d2s

dVdEg
dEg ~5!
9-14
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REACTION DYNAMICS AND HOT NUCLEI FORMATION . . . PHYSICAL REVIEW C66, 044619 ~2002!
whereC is a normalizing factor andR(Eg ,Ed), the response
function of the BaF2 detectors, expresses the probability th
the electromagnetic shower associated to an incident ph
with energyEg deposits the energyEd into the crystal. The
responseR(Eg ,Ed) in the 20–280-MeV range was measur
with collimated monochromatic photons@46#. The double
differential cross sectiond2s/dVdEg was determined from
Eq. 5 at the various detection angles by the unfolding met
tested in Refs.@47,48#. The method performs a simultaneo
data correction for the BaF2 detection efficiency as well a
for the deposited energy to incident energy conversion.
error of the unfolding procedure was estimated as in R
@47,48#.

C. Analysis of the bremsstrahlung component

Assuming an emission from a source moving with a v
locity b, emitted spectra in the source reference frame
connected~because of Doppler effect! to the laboratory ones
through the relations

Elab5Es

~11b cosus!

A12b2
, ~6!

sinus5sinu lab

A12b2

~12b cosu lab!
5

sinu lab

X
, ~7!

d2s~u lab ,Elab!

dV labdElab
5

1

X

d2s~us ,Es!

dVsdEs
, ~8!

whereElab andEs are, respectively, the gamma energy in t
laboratory reference frame and in the source frame,u lab and
us are the detection angle and the emission angle in
source reference frame andX is given by

X5
~12b cosu lab!

A12b2
5g~12b cosu lab!. ~9!

Considering a non isotropic source emittingg rays giving
rise to an exponential spectrum as

d2s~us ,Es!

dVsdEs
5 f ~sinus!expS 2

Es

E0
D , ~10!

the observed spectrum in the lab. frame will be given by

d2s~u lab ,Elab!

dV labdElab

5
1

X
expS 2

Elabg~12b cosu lab!

E0
D f S sinu lab

X D .

~11!

In such a relation, to each detection angle corresponds
exponential spectrum with an angle dependent inverse s

E085E0

A12b2

~12b cosu lab!
, ~12!
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which gives a description consistent with the experimen
data of Fig. 18. Assuming an angular distribution in t
source reference frame given by a superposition of an iso
pic and a dipole component, the distribution can be writ
as

f ~sinus!512a~12sin2us!. ~13!

Putting this relation in the differential cross section formu
yields

F d2s

dVdEg
G

lab

5
K

X S 12a1a
sin2u lab

X2 D expS 2X
Elab

E0
D ,

~14!

whereK is the cross section in the source reference fram
The high energy part of theg spectra, namely,Eg>35,

shown in Fig. 19 has been analyzed with a simultaneou
procedure using Eq.~14!. The inverse slope and the sourc
velocity have been deduced from the fit. Because of the l
ited statistics it was not possible to extract a reliable va
for the dipole fractiona. Therefore, the factora was fixed to
0.2 according to the known systematics@16#. The results as a
function of the different residue recoil velocities are show

FIG. 19. High-energy gamma spectra detected at differ
angles in the laboratory frame in coincidence with residues hav
an average velocity equal to 93%~top!, 65% ~middle!, and 37%
~bottom! of the c.m. velocity. Full lines represent the fits to the da
9-15
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D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 ~2002!
in Table VII. Uncertainties on the parameter values cor
spond to the change in a parameter that increasesx2 by 1,
with all the other parameters fixed at their optimum valu
@31#. Fit results as a function of the velocity bins give a go
description of the data in terms of a single source havin
constant velocity (b50.15) close to half beam velocity (b
50.14), in agreement with the systematics@16#. This veloc-
ity has to be compared with the residue velocity whi
ranges fromb50.030 tob50.052 with increasing central
ity. This shows that the high energyg rays do not originate
from the slow moving thermal source.

Considering the error bars the inverse slope paramet
almost independent of recoil velocity, even if a slight i
crease can be inferred~Fig. 20! for the most central colli-
sions. Such an evolution has been observed in other ex
sive experiments and, in the framework of incoherentnp
bremsstrahlung, has been interpreted as due to the softe
of the nucleon Fermi momentum distribution at the nucl
surface@19#.

V. PROBES OF THE PRE-EQUILIBRIUM PHASE:
HARD PHOTONS AND HIGH ENERGY PROTONS

Studies on high energyg-ray and energetic proton pro
duction have shown, in both cases, remarkably similar

TABLE VII. Inverse slope and source velocity extracted from
simultaneous fit of the high energy part of the gamma spectraEg

>35 MeV).

Velocity bin vR /vc.m. E0 ~MeV! vs /c

V37 0.37 12.260.9 0.1560.01
V45 0.45 13.060.8 0.1560.01
V55 0.55 13.660.7 0.1560.01
V65 0.65 14.060.8 0.1560.01
V73 0.73 14.360.9 0.1560.01
V85 0.85 14.560.9 0.1560.01
V93 0.93 14.561.0 0.1560.01

FIG. 20. Inverse slope parameter, as obtained from the fit,
function the ratiovR /vc.m..
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haviors. Both originate from sources with velocity close
half the beam velocity and both exhibit spectra with hi
inverse slope values. Moreover the multiplicity of both hig
energy protons@40# and photons@18,19# increases with de-
creasing impact parameter, reflecting the size of the par
pant region. These similarities indicate that both high ene
protons and high energy gamma rays originate from the s
mechanism, namely, the nucleon-nucleon collisions in
first stage of the reaction.

A. Hard photon –high energy proton correlations

In order to verify the hypothesis of hard photon and hi
energy proton emission from the first chance nucle
nucleon collisions we have investigated the correlation
tween the most energetic protons andg rays, similarly to
what has been described by Sapienzaet al. in Ref. @19#. Dif-
ferently from the previous work, the existence of correlati
is investigated here for events in which fusion-like residu
are formed. In the frame of the first chancepn incoherent
bremsstrahlung model an anticorrelation effect between
emission of a hard photon and an energetic pre-equilibr
proton is expected@49#. This effect is determined by the
conservation of the energy in the individualpn collision,
which in the case of hard photon emission imposes a st
ger constraint: when the two nucleons have a sufficien
high relative momentum so that a high energy photon
emitted as a consequence of the collision the scattered pr
has a reduced energy in accordance with the energy con
vation law. In the case of statistical emission from an exci
system or independent proton and high-energyg-ray emis-
sion the anticorrelation is expected to be washed out du
the higher available energy in the composite system.

In order to study the high energyg-proton correlation the
hardg-p correlation factor was introduced@19,50# as

11Rgp5
^mp&g

^mp&
~15!

where ^mp& and ^mp&g are the average proton multiplicit
and the average proton multiplicity measured in coincide
with the hard photon, respectively. The correlation fac
plotted as a function of the proton energy reflects just
difference between the proton energy spectrum in coin
dence with the photon and the inclusive proton spectrum
the case of statistical photon emission, where no correla
is expected, a value of the correlation factor very close t
should be observed irrespectively of the proton energy. A
ticorrelation effects will lead to values of 11Rgp,1.

The g-proton anticorrelation is expected only for pr
equilibrium protons, and protons from projectilelike sour
should be excluded. The moving sources analysis of pro
spectra suggests that at laboratory angles larger than 42°
above an energy of 40 MeV the contribution to the prot
yield coming from the intermediate source is about 90%
the total yield. Therefore, only those protons were retained
the analysis. The experimental correlation function
1Rgp(Ep) for hard photons with energy higher than 25 a
70 MeV are reported versus the proton energyEp in Fig. 21
a

9-16
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REACTION DYNAMICS AND HOT NUCLEI FORMATION . . . PHYSICAL REVIEW C66, 044619 ~2002!
for the central and mid-central collisions (vR /vc.m..0.5).
The experimentalg-p correlation function is found to be
smaller than 1 for bothg energy thresholds, with a mor
pronounced decreasing trend for the data set selected ch
ing Eg.70 MeV. The observation of the strongg2p cor-
relation in events triggered by fusionlike residues indica
that even if one reaction leads to the formation of a comp
ite system, with the damping of a large fraction of incide
energy in excitation energy, the hard photons and energ
protons emission mainly occurs during the initial phase
the reaction as a consequence of nucleon-nucleon collisi

B. Hard photon multiplicity—recoil velocity correlation

Throughout this study, the recoil velocityvR /vc.m. of the
residue has been used as an event selector. The evoluti
many parameters such as the multiplicity of fast protons
the temperature and multiplicity of the slow source impl
thatvR /vc.m. is correlated with the centrality of the collision
Here, using the hardg multiplicity, we will demonstrate the
correlation in a more direct way. This analysis was alrea
presented elsewhere@51#, and in that case was used in com
parison with a similar system at lower incident energy
elucidate the role of two body collisions in the dissipati
mechanism.

Since high energyg rays are mostly produced in firs
chancepn collisions in the early stage of the reaction, th
represent a direct tool to determine the collision impact
rameter since their multiplicity reflects the size of the int
action region and is thus directly related to the impact
rameter @18#. The relation between the hard photo
multiplicity and the impact parameter was confirmed by
measurement of correlations between hard photons and
charged particle multiplicities which are also known to be
indicator of the centrality of the collision@18–20#. In the
hypothesis of production by incoherent bremsstrahlung
diation throughpn collisions the multiplicity of the high
energy g rays scales with the number of individual fir
chancepn collisions that occur in the geometrical overla

FIG. 21. Hard photon–high energy proton correlation funct
for Eg>25 MeV ~open symbols! and for Eg>70 MeV ~full sym-
bols!.
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region. Assuming that the probabilityPg of producing a pho-
ton in a singlepn collision depends only on the beam energ
the gamma ray multiplicity for a given impact paramet
Mg(b) is related to the numberNpn(b) of first chancepn
collisions by the relation@16#

Mg~b!5Npn~b!Pg , ~16!

where one assumes aPg independent of the impact param
eter. Since the photon production probability per singlepn
collision at these bombarding energies is of the order
1025, high energyg rays cannot be used to deduceNpn on
an event-by-event basis. However, an average value can
be deduced for a class of events selected by another ob
able, such as the recoil velocity in our case, and can hel
classify these events in terms of their average impact par
eter @21#.

The high energyg-ray multiplicity Mg was determined
for each residue velocity bin by normalizing over 4p the
g-ray yield measured around 90° integrated above 35 M
In Fig. 22~a! multiplicity values are shown as a function o

FIG. 22. ~a! Multiplicity of g rays withEg.35 MeV as a func-
tion of vR /vc.m.. ~b! impact parameter dependence ofg rays as a
function of momentum transfervR /vc.m..
9-17
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vR /vc.m.. A strong and linear increase as a function of rec
velocity is observed showing the important role of two bo
dissipation mechanisms for the momentum transfer. The
formation concerning the average impact parameter per
locity bin was deduced from the hard photon multiplicit
Using Eq.~16! the number ofpn collisions can be calculate
for all the velocity bins once thePg is known. The value of
Pg.35 was determined from the minimum bias run to
(4.060.6)31025 usingPg5sg /(^Npn&bsR), wheresg and
sR are the measured hardg-ray production cross section an
the total reaction cross section, and^Npn&b is the number of
pn collisions averaged over the impact parameter. Then,
plying the geometrical model@16#, the average impact pa
rameter was deduced fromNnp(b). Figure 22~b! shows the
measured reduced recoil velocity as a function of the redu
impact parameterb/bmax where thebmax value was calcu-
lated asbmax51.2(AP

1/31AT
1/3)59.5 fm, AP andAT being the

projectile and target masses.
The strong correlation previously observed in Fig. 22~a!

remains between the recoil velocity and the impact para
eter @Fig. 22~b!# showing that the fraction of linear momen
tum transfer is strongly correlated with the impact parame
confirming that the most central collisions give rise to t
largest transfers to the targetlike nucleus@51#. This correla-
tion will be helpful in comparing our results with dynamic
models which furnish predictions as a function of the imp
parameter.

VI. COMPARISON WITH DYNAMICAL MODELS

Reliable information about the reaction mechanis
involved in heavy ion collisions at intermediate energ
can be obtained in the framework of one-body transp
theories. The Landau-Vlasov~LV ! @52#, Boltzmann-Uehling-
Uhlenbeck ~BUU! @53#, or Boltzmann-Nordheim-Vlasov
~BNV! @53–56# transport equation, which describes the tim
evolution of the nucleon one-body distribution function
phase space,f (rW,pW ,t), provides a generally good averag
description of the dissipative mechanisms occurring all alo
the interaction between the two colliding nuclei. Depend
on entrance channel properties, namely the impact param
the beam energy, and the mass asymmetry, different outg
channels, ranging from the formation of only one compos
nuclear source, in the case of central collisions, up to de
inelastic-like collisions or inc omplete fusion processes,
more peripheral reactions, are observed. In such a contex
this section we will try to obtain a deeper insight into t
reaction mechanisms which could be responsible for the l
particle andg-ray emission observed in the36Ar198Mo re-
action at 37A MeV.

In one-body transport theories the time evolution of t
distribution function f (rW,pW ,t) is ruled by the action of a
mean-field potential, together with the effect of a Pau
blocked collision term, according to the equation

] f ~rW,pW ,t !

]t
1$ f ~rW,pW ,t !,H%5I coll@ f ~rW,pW ,t !#, ~17!
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where $,% stands for the Poisson bracket,H is the self-
consistent one-body Hamiltonian andI coll is the Uehling-
Uhlenbeck collision term. In the following calculations
Skyrme-like parametrization is used for the description
the mean-field potential, which gives a ‘‘soft’’ equation o
state, with a compressibility modulusK5200 MeV,

U~r!5A~r/r0!1B~r/r0!s, ~18!

with A52356 MeV, B5303 MeV, ands57/6. Equation
~17! is solved numerically, according to the test partic
method, with the codeTWINGO @55#, using 200 test particles
per nucleon.

Simulations have been performed for impact parame
ranging from 0 to 7 fm. At these bombarding energies,
central reactions, the density of the system evolves throug
first initial compression phase to an expansion phase, a
roughly 50 fm/c ~see Fig. 23! but since the internal pressur
is not sufficient to break the system into fragments af
some expansion it reverses to compression leading to
formation of a heavy system~see Fig. 23!. For small impact
parameters (b,2 fm), for which the target completely over
laps the projectile, a mechanism akin to incomplete fus
with the formation of a single heavy source is observed a
can be seen in Fig. 24 where the contour plots of the evo
tion of the spatial density as a function of time in the case
a reaction atb50 fm are shown. At larger impact paramete
the outgoing channel is essentially binary as can be see
Fig. 24 where similar calculations for b5 3 and 6 fm are
shown and the pseudo-particles appear located in two m
regions in rW space, which can be associated, respectiv
with the projectilelike~PLF! and targetlike~TLF! fragments.
However, from an analysis inpW space, it is also possible t
recognize a component located around the nucleon-nuc
center of mass velocity region which can be associated to
pre-equilibrium emission corresponding to particles emit
by the system mostly during the first 120 fm/c. The presence
of pre-equilibrium particle emission can be more clearly o
served in Fig. 25~a! where the number of emitted particles
a function of time is shown for collisions atb51 fm. The
slope change in the production rate at about 120–140 fmc
indicates a transition from preequilibrium to the evaporat
from equilibrated sources@54#. At this time already a large

FIG. 23. Time evolution of the central density calculated
impact parameterb51 fm.
9-18
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FIG. 24. Contour plots of the spatial density as a function of time in the reaction plane for different impact parameters:b50 fm ~top!,
b53 fm ~middle!, andb56 fm ~bottom!.
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FIG. 25. ~a! Number of emitted nucleons during the reaction
a function of time.~b! Excitation energy of the heavy residue as
function of time obtained atb51 fm. ~c! mass of the heavy residu
as a function of time calculated atb51 fm.
04461
amount of particles has been emitted. This affects the e
tation energy of the system since preequilibrium emiss
removes a large amount of the energy from the system, le
ing the primary source with moderate excitation energies
a lower mass@see Figs. 25~b! and 25~c!#. The collision sce-
nario predicted by the BNV calculation exhibits many sim
larities with that inferred from the empirical moving sourc
fit. In particular, one can associate the slow, fast and in
mediate velocity sources introduced by the fit to the d
with emission from excited target and projectilelike fra
ments and preequilibrium emission respectively.

In order to proceed further, it is therefore informative
compare the properties of the sources predicted by the
culation with those extracted from the fits. In the top pane
Fig. 26 the velocity of the targetlike source is presented a
function of the reduced impart parameter (b/bmax). The full
line represents the BNV calculation while symbols are
experimental data. The velocity of the heavy residue as
culated from BNV is larger than the one obtained from the
of alpha particle spectra at all impact parameters. In the s
figure is also shown, as a comparison, the average velocit
the residue measured in each bin deduced from time of fl
between the target and the PPAC. This direct measureme
the heavy residue velocity is again lower than what is p
dicted by BNV calculation even if, approaching the mo
central collisions, the difference is much reduced. This d
crepancy could be due to the lack of fluctuations in o
mean-field description of the dynamical evolution of the s
tem. As a consequence, the time needed for the dinuc
9-19
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D. SANTONOCITOet al. PHYSICAL REVIEW C 66, 044619 ~2002!
system to break-up into PLF- and TLF-like fragments is t
long, leading to velocities closer to the center of mass ve
ity.

Apparent temperatures extracted from the fit of alpha p
ticles and temperatures deduced from BNV calculations
shown in the lower panel of Fig. 26 as a function of t
collision centrality. The temperature values obtained fr
BNV calculation, shown as full lines, were deduced from t
calculated excitation energies assuming level density par
eter ranging fromA/11 MeV21 andA/13 MeV21. The BNV
temperatures are in agreement with the temperatures
tracted from the fits using level density parameters in
rangeA/11–A/12 MeV21. It should be recalled, howeve
that although the initial temperatures are surely higher t
the apparent temperatures extracted from the alpha par
spectra and shown above, the value of the empirical co
cients to be used at this bombarding energy might differ fr
those extracted in Ref.@39# for reactions at lower energy
Moreover, BNV temperature values suffer from uncertaint

FIG. 26. The properties of the heavy source formed in the re
tion as a function of the reduced impact parameter.~a! Comparison
of the heavy source velocity obtained from the BNV calculati
~full line! with the velocities deduced from the fit of alpha partic
spectra~full circles! and from time of flight measurement~full
squares!. ~b! Comparison of the temperature extracted from the
pha particle specta~full circles! with temperatures deduced from
BNV calculations ~full lines! using level density parameter
A/11 MeV21 and A/13 MeV21, and those estimated from the re
constructed excitation energy using a level density param
A/12 MeV21 ~dashed line!.
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due to the time when the excitation energy is calculat
This has been fixed in the BNV simulation at the time wh
preequilibrium emission is finished. Decreasing this tim
slightly would result in a marked increase of the excitati
energy. As a further term of comparison the values of
excitation energy of the primary residue reconstructed w
the procedure presented in Sec. III D were used to extrac
temperature of the residue adopting a level density param
A/12 MeV21. The result is shown as a dashed line in t
lower panel of Fig. 26 and is in very good agreement w
the temperature extracted from alpha particle spectra givin
further evidence of the consistency of the scenario with
level density betweenA/11 andA/12 MeV21.

In conclusion, the BNV calculation paints a picture of th
reaction process in agreement with that inferred from
charged particle andg-ray measurements. More quantitativ
comparisons are plagued by the uncertainty concerning
time at which the relevant observables must be calculate
the simulation, and by the use of the moving source pict
for the analysis of the experimental data. Progress could
made if charged particles andg-ray spectra could be directly
extracted from the calculation and compared to the raw m
sured data.

VII. CONCLUSIONS

In this experiment the reaction36Ar198Mo at 37A MeV
was studied through an analysis of high energy gamma
and light charged particles detected in coincidence w
evaporation residues. The reaction products were so
as a function of the linear momentum transferred to
heavy residue produced in the reaction. Through the us
different probes the evolution of the reaction dynamics fro
the preequilibrium stage to the formation of a heavy co
pound nucleus was investigated.

The study of light charged particle spectra perform
through a moving source fit with three sources indicates
formation of a highly excited system with temperature
about 7 MeV and the existence of a copious preequilibri
emission. The independent measurement of excitation en
of the primary residue and temperature allowed a close c
parison with the prediction of the Fermi gas formula sugge
ing a value of the level density parameter betweenA/11 and
A/12 MeV21. The preequilibrium emission was investigate
in detail through the study of high energy (Eg
.35 MeV) g rays and high energy protons. The multiplici
of high energyg rays was found to increase with the line
momentum transfer, giving one a tool to correlate the m
mentum transfer with the impact parameter. The study of
correlation between the most energetic photons and pro
allowed us to obtain a further experimental evidence of th
common origin confirming the hypothesis of a producti
from the most energetic primary nucleon-nucleon collisio

In an attempt to get a deeper comprehension of the re
tion mechanism the experimental findings were compare
BNV calculations. The results obtained from the BNV repr
duce the average findings concerning the formation of a r
due and suggest a larger dissipation than the one ded
from the analysis of light charged particle and high ene

c-

l-

er
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g-ray spectra. A reaction scenario can be inferred from
above findings. The interaction starts with nucleon-nucle
collisions in the region of overlap of the nuclear densiti
These collisions give rise to the production of high ene
nucleons andg rays, and are also instrumental in driving th
transfer of energy from relative motion to internal excitati
of both target and projectile entities. In the present cas
ro
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strongly excited target-like fragment and a modestly exci
projectilelike fragment are produced, which subsequently
cay by particle and finally statisticalg-ray emission. The
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