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Fusion and reaction mechanism evolution in24Mg¿ 12C at intermediate energies
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The formation and deexcitation of fusionlike events selected in events with a total charge equal or greater
than 16 in24Mg1 12C system has been investigated at 25, 35, and 45 MeV/nucleon with a large multidetector
array. Central single-source events are selected by use of the statistical discriminant analysis method applied to
a set of 26 global variables. The fusion cross section has been extracted for the three bombarding energies and
compared to other experimental data and to theoretical predictions. The total multiplicity is found to first
increase to a maximum value and then decrease with increasing beam energy. It is shown that this behavior is
connected to the opening of multifragmentation channels at 45 MeV/nucleon and the disappearance of chan-
nels with only light charged particles.
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The decay by emission of intermediate mass fragme
~IMF’s! of excited nuclear systems formed in intermedia
energy heavy-ion reactions, linked to the so-called multifr
mentation decay mode, has been the subject of many ex
mental and theoretical intensive studies@1,2#. This phenom-
enon can be studied in the decay of excited quasiprojec
and quasitargets formed in dissipative binary-type reactio
in excited quasiprojectiles formed in peripheral reactions
in well selected ‘‘single-source’’ or fusionlike events. In th
paper devoted to the24Mg1 12C system at 25, 35, and 4
MeV/nucleon, we will select fusionlike events by applyin
the discriminant analysis method, which has been previou
used succesfully for this purpose@3,4#. This system has bee
the subject of an earlier work in which Larochelleet al. @5#
have studied the dissipative binary nature of the reaction
25 and 35 MeV/nucleon. The present analysis follows a
cent study of this system in which we have focused on
experiment at 45 MeV/nucleon@4#.

The experiments have been performed at the tandem
celerator superconducting cyclotron facility at Chalk Riv
by using a24Mg beam accelerated at 25, 35, and 45 Me
nucleon and bombarding a 2.4 mg/cm2 carbon target. The
charged reaction products were detected in the CRL-La
array composed of 80 detectors and covering angles in
laboratory frame from 6.8° to 46°. The set of detectors w
disposed on five rings concentric on the beam direction, e
ring being composed of 16 detectors. The first three ri
(6.8°,u lab,24°) are each made of fast-slow phoswich d
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tectors with detection thresholds of 7.5A MeV for hydrogens
and 17.6A MeV for Z510 fragments. The fourth and fifth
rings (24°,u lab,46°) are made of CsI~Tl!, achieving iso-
topic resolution forZ51 and 2 particles. The events we
recorded on an event-by-event basis when at least three
tectors were fired. The energy calibration of the detector
accurate to about65%. The present analysis is restricted
events selected in the off-line analysis to a total detec
charge equal or greater than 16 which represents almost
of the total charge of the system.

In order to select single-source events, we have used
discriminant analysis method. This technique, mainly d
voted to predict source origin, is based on a linear combi
tion of observed characteristics that may be the multidim
sional moments@3,6# or a set of global variables. In th
present work, we have used a large number of global v
ables taking account of different aspects such as the de
tion, the kinematics of the reaction, the completeness of
event, and the form of the event in different frames. The
variables are the total multplicity, the light charged (Z
51,2) particle multiplicity, the intermediate mass fragme
(3<Z<9) multiplicity, the mean of the charge distribution
the charge asymmetry@4#, the maximum charge of the even
the charge and energy in the lab frame of the biggest IM
theY33 ~minimum and maximum! relative velocity between
particles taken three by three@7,8#, the total momentum, the
reconstructed center-of-mass~c.m.! velocity, the total energy
in the c.m. frame, the Fox moment of order 2 H2 @9#, the
product of the eigenvalues@10# of the kinetic flow tensor
@11#, the sphericity and coplanarity@11#, the transverse en
ergy, the anisotropy ratio@12#, and the total transverse an
parallel momentum. The last four quantities are calculated
both the c.m. frame and the ellipsoid frame. The flow ang
which is defined as the angle between the ellipsoid ma
axis corresponding to the highest eigenvalue of the kin
energy tensor and the beam axis, is another important gl
variable used in many works to separate the differ
sources. In this work, this variable has been kept as an in
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pendent quantity to confirm that the events we will be is
lating have flow angle distributions characteristic of fusio
like events.

The multivariate methods we have used need a se
simulations in which both the impact parameter and
source origin are known. To this purpose, we have used
codeDIT @13# to create the entrance24Mg112C channel and
the GEMINI code@14# to deexcite the quasiprojectile, quas
target or the composite system excited nuclei. The simula
events are filtered through the geometrical and energetic
of the experimental array and events of total charge equa
or greater than 16 are considered.

An important quantity useful in the determination of cro
sections and the classification of nuclear reactions is the
pact parameter. This quantity is usually estimated within
help of variables such as the charged-particle multiplic
the total transverse kinetic energy or the midrapidity cha
@15,16#. These methods have proved to be good impact
rameter filters for medium or heavy systems characteri
with a large range of the observed quantitities, but may
be appropriate for light systems such as the one under s
In the present analysis, we have used, rather than a s
variable, a multivariate technique based on a principal co
ponent analysis of a large number of observed quant
@3,6#. This technique has been applied to the abo
mentioned 26 global variables,Vi and the impact paramete
given by theDIT-GEMINI simulations. The best estimate of th
impact parameterbc is obtained as a linear combination
the global variablesbc5( i 51

26 a iVi that reproduces the im
pact parameterb given by the simulator with the conditio
that the linear correlation coefficient betweenb and bc is
close to unity. The top part of Fig. 1, displaying the estima
impact parameterbc as a function of the impact paramet
for the DIT-GEMINI filtered simulations at 25 MeV/nucleon
shows a nice correlation between the two quantities. T
estimated impact parameter for data can then be calcul
by using the above linear combination of theVi . The bottom
left part of Fig. 1 which displays the mean value of t
charged-particle multiplicity as a function of the estimat
impact parameter for data shows the expected relation
between these two quantities. The bottom right part, giv
the mean value of the discriminant variable of which lo
values are associated with fusionlike events as seen belo
a function of the estimated impact parameter for data sh
a good correlation between these two quantities and also
low impact parameters are associated with low values ofDg .
The discriminant variableDg is obtained by using the dis
criminant analysis method which gives~in the case of two
classes! the best axis that separates the two groups. The
left panel of Fig. 2 displaying the distribution of the sim
lated discriminantDg variable obtained as a linear combin
tion of the globalVi variables,

Dg5(
i 51

26

b iVi ~1!

for one- and two-source events at 25 MeV/nucleon sho
that source separation is well achieved. In the simulatio
06160
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the cutDg<20.1 selects one-source events with a contrib
tion of two-source events less than 10%. Finally, experim
tal events of which source origin is unknown are projec
on this axis and the correspondingDg distribution is given in
the top right corner of Fig. 2. The distribution is disymmet
cal and exhibits a two-component structure and can be ea
fitted by two Gaussian distributions. The same procedur

FIG. 1. Top: The estimated impact parameter as a function
the impact parameter for the simulated24Mg1 12C at 25 MeV/
nucleon events; bottom left: the mean value of the total multiplic
as a function of the impact parameter for data; bottom right: sa
as left but for the mean value of the discriminant variable.

FIG. 2. Top: The discriminant function distribution for simula
tions ~left! and data~right! for the system at 25 MeV/nucleon. Th
thick ~thin! line is the contribution of one-~two-!source events.
Bottom: The impact parameter distribution for fusionlike events
3-2
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repeated at 35 and 45 MeV/nucleon; yet at these energie
two-component structure is no longer visible, which sho
the diminishing importance of fusion with increasing bea
energy.

Taking advantage of the ‘‘average’’ one-to-one corresp
dence between the discriminant variable and the impact
rameter shown in Fig. 1, one can obtain a similar relat
betweenDg and the experimental impact parameter obtain
as the geometrical impact parameter distribution correc
for the detection efficiency@3#. This last quantity, which
takes account of the geometrical and energetic array lim
tions and the selection criteria, is determined within the h
of the DIT-GEMINI simulations. The impact parameter dist
butions of fusionlike events is obtained as

P1~b!5P~Dg!I~b! with I~b!5S dDg

db D
b

~2!

being the Jacobian of the transformation. The bottom par
Fig. 2 gives the resulting impact parameter distribution c
rected for detection efficiency for fusionlike events. The
sion cross section is finally computed with formulas f

52p*0
`P1(b)bdb. The computed value is s5115

620 mb. The uncertainty on this cross section com
mainly from the detection efficiency as this quantity is tak
from simulations. This fusion cross section accounts
about 6% of the total reaction cross section as calculated
the parametrization of Koxet al. @17#. Such ratios of the
fusion cross section to the total reaction cross section
usually reported in the literature for systems of compara
c.m. energy per nucleon. The authors of Ref.@18# have mea-
sured a fusion cross section for the system Ni1 Al at 28
MeV/nucleon of about 300 mb which represents 10.2%
the total reaction cross section. Boxet al. @19# have reported
cross section values of 265 mb and 164 mb for the sys
28Si128Si at 26 and 30 MeV/nucleon, respectively, accou
ing for 11.4% and 6.9% of the total reaction cross sectio

Theoretical models used to predict fusion reaction cr
sections such as the critical distance model@20# and the Bass
model @21# usually divide the c.m. energy range into thr
regions. These models were developed for low-energy re
tions but have been successfully extended to the lower
of the intermediate energy range with the system32S112C at
19.5 MeV/nucleon@22#. For the present experiment at 2
MeV/nucleon, the fusion cross section may be evaluate
the higher energy regime of these models in the framew
of the critical distance fusion model by the following expre
sion:

sF5pd2S 11
1/2mvd

2d22UC~d!1Q

Ecm
D , ~3!

whered is the critical distance between the colliding nuc
of reduced massm and separation energyQ relative to the
compound nucleus. The parametervd is given by \vd
5bv with v540A21/3 andb50.75. The potentialUC and
the critical distanced are defined in Ref.@20#. The model
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predicts a fusion cross section for the24Mg1 12C at 25 MeV/
nucleon of about 500 mb and is larger than the prese
measured value. TheDIT model we have used predicts fusio
up to 3.5 fm which yields a fusion cross section of about 3
mb and is higher than the measured value. Such discre
cies between measured and predicted cross sections in
energy range may be due to the uncertainty on the fus
barriers used in these models. Another fact that can lower
fusion cross section in the24Mg1 12C system is the particula
alpha structure of the projectile@23# that makes it break up
before reaching the critical fusion distance.

The same procedure is repeated for the experiments a
and 45 MeV/nucleon and the corresponding fusion cross
tions values are found to be 58 and 22 mb, respectively. T
observed decrease of the fusion and the increasing im
tance of other mechanisms such as binary dissipative o
can be seen in the evolution of the flow angle distribution
the three experiments. The top part of Fig. 3 shows the fl
angle distribution for the whole data set ((Z>16) with no
selection of the fusion events at the three energies. The
tribution at 25 MeV/nucleon has a shape closer to a sine
pattern typical of one-source events@24,25# than the distri-
bution at 45 MeV/nucleon which has a smaller mean va
(45.4° as compared to 54.4° at 25 MeV/nucleon! indicating
the fade of fusion and the increasing importance of bin
dissipative reactions from 25 to 45 MeV/nucleon.

The fusionlike events are selected by requiring that
discriminant variable be less than20.1. These events cove
a range of estimated impact parameters from 0 to 4 fm as
be seen from Fig. 1. The bottom part of Fig. 3 displays
distribution of flow angle for selected fusionlike events at t
three bombarding energies. All distributions are characte
tic of single-source events and have high mean values. As
bombarding energy increases, the mean multiplicity first
creases from 7.35 at 25 MeV/nucleon to a maximum value

FIG. 3. Top: The flow angle distribution for all(Z>16 events
in 24Mg1 12C reactions at 25, 35, and 45 MeV/nucleon. Botto
Same as top for selected fusion events. All distributions are norm
ized to the same number of events.
3-3
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7.70 at 35 MeV/nucleon and then decreases to 6.90 a
MeV/nucleon. This interesting feature is not due to so
trivial detection effects as theGEMINI filtered simulations do
not predict this peak in the multiplicity distribution. The va
ues given by these simulations are 6.7, 8.2, and 9.6 for
25, 35, and 45 MeV/nucleon bombarding energies, resp
tively. This peak in the multiplicity distribution is neither du
to the cut imposed on the discriminant variable as it is a
present for the whole complete data set for which the m
values of the multiplicity are 6.85, 7.20, and 6.65 for t
three increasing beam energies, respectively. In order to
derstand the origin of this peak in the multiplicity distrib
tion, the different decay channels were classified into f
categories.~i! A class containing only light charged particle
~LCP’s, Z51,2). ~ii ! A class with one or two IMF’s and
LCP’s and no residue.~iii ! A multifragmentation class with
three or more IMF’s and LCP’s.~iv! A class with a heavy
residue (Z>10) and IMF’s or LCP’s.

Table I gives the relative importance of these differe
decay channels for fusion events~also given in this case th
cross sections in mb! and for all events at the three bombar
ing energies. A striking feature is the disappearance of
decay channel with only LCP’s at 45 MeV/nucleon and t
growing importance of the multifragmentation channel.
25 MeV/nucleon, when considering only the(Z518 events,
the most abundant LCP’s channels are the 8He2H
7He4H channels and account for 6.5% and 1.7%, resp
tively, of all 343 36Ar possible breakup channels. The tot
number of breakup channels, is calculated from multiplic
3 to 12 and with the condition that the maximum detec
charge is 12. At 35 MeV/nucleon the former LCP’s chann
account for 3.8% and 5.4% respectively. The contribution
both these channels to all channels at 45 MeV/nucleo
very low and only about 0.1%. As the decay channels w
only LCP’s are characterized with high multiplicities~10 and
11!, their absence at 45 MeV/nucleon is responsible for
observed decrease of the total multiplicity at this ener
This rise and fall of the multiplicity is usually observed fo
fragments and intermediate mass fragments for heavy or
dium mass systems@26–34#. Some recent quantum molecu
lar dynamics Ca-Ca simulations@35# have shown that the

TABLE I. Relative importance in % for the different fragmen
ing channels for fusion events and for all events at the three b
barding energies. The numbers between parentheses in the ca
fusion events are the cross sections in mb.

Channel E/A525 MeV E/A535 MeV E/A545 MeV

Fusion events
1 11.2~12.9! 10.8 ~6.3! 0.2 ~0.05!
2 88.3~101.5! 87.3 ~50.6! 81.0 ~17.9!
3 0.5 ~0.6! 1.5 ~0.87! 4.2 ~0.93!
4 0.0~0! 0.4 ~0.2! 14.6 ~3.3!

All events
1 4.8 6.9 0.2
2 91.4 89.2 78.2
3 3.6 1.2 11.5
4 0.2 2.7 10.1
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peak in fragment production can be related to the onse
multifragmentation. For very light systems as the one un
study presently and to our knowledge, it is the first obser
tion of the rise and fall of the total charged-particle mul
plicity. It may seem paradoxal that with the increase of be
energy, class 1 which we may call ‘‘vaporization’’ will dis
appear. True vaporization occurs when the system prom
disintegrates into its elemental constituents with atomic nu
bers less than 3 and is expected to occur around an excita
energy of 6 MeV/nucleon@36#. This does not seem to be th
case in this particular small system. The picture that can
drawn here is that at 25 and 35 MeV/nucleon, the syst
may undergo full deexcitation sequential steps leading fin
to a channel with only light charged particles. At 45 MeV
nucleon, the excitation energy increases and the multifr
mentation decay mode opens. When considering the(Z
518 system, channels with as much as five IMF’s such
B14Li1H, 5Li1He1H, Be14Li12H, and B1Be13Li are
observed and represent 0.2% of all possibilities. Chann
with three, four, or five IMF’s are all produced with a com
parable yield, each one less than 0.5%, with the exceptio
channels C1Be1Li1He13H, C12Li12He12H, C1B1Li
1He12H, and C1Be1Li12He1H which yield represents
between 0.5% and 1% of all yields. The total number
these open fragmentation channels is 98 while at 25 and
MeV/nucleon it is only 21 and 32, respectively. Ener
threshold effects cannot account for this as the center
mass velocity even at 25 MeV/nucleon is higher than
energy thresholds. Moreover, if these effects were import
they should also favor the production ofZ52 particles at 45
MeV/nucleon which is not the case as we have seen ab
In a recent study@4#, we have constructed two-fragment r
duced velocity correlation functions and showed that t
class~here called 3! of events~which we labeledC in that
study! is associated with a short time scale suggestive
prompt multifragmentation. Another interesting fact at
MeV/nucleon is the importance of class 4 characterized b
copious production of a heavy residue (Z>10) and one IMF.
This class of events has been also attributed to fusion
events by a discriminant analysis applied to the 625 qua
moments@4# and labeled classA in that work. These events
have been attributed to the formation of an orbiting dinucl
system that reseparates after a short time.

In conclusion, we have selected in this work fusionli
events in the24Mg1 12C system at three bombarding energi
of the intermediate energy domain by applying the discrim
nant analysis method to a set of 26 global variables. T
measured fusion cross sections are found to be lower
theoretical values and to decrease strongly with increas
beam energy. The total charged-particle multiplicity prese
a peak at 35 MeV/nucleon which may indicate the appe
ance of a change in the decay mechanisms. The seque
evaporative decay at 25 MeV/nucleon leading to chann
containing only LCP’s is strongly suppressed at 45 Me
nucleon and is replaced by the multifragmentation de
mechanism that opens strongly and competes with the m
traditional decay channels such as particle or light fragm
evaporation and orbiting.
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