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The formation and deexcitation of fusionlike events selected in events with a total charge equal or greater
than 16 in?*Mg+ %C 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 fragmenttectors with detection thresholds of A®eV for hydrogens
(IMF’s) of excited nuclear systems formed in intermediateand 17.& MeV for Z=10 fragments. The fourth and fifth
energy heavy-ion reactions, linked to the so-called multifragtings (24°< 0,,,<46°) are made of C§Tl), achieving iso-
mentation decay mode, has been the subject of many expetopic resolution forZ=1 and 2 particles. The events were
mental and theoretical intensive studjds?]. This phenom- recorded on an event-by-event basis when at least three de-
enon can be studied in the decay of excited quasiprojectiletectors were fired. The energy calibration of the detectors is
and quasitargets formed in dissipative binary-type reactionsaccurate to about-5%. The present analysis is restricted to
in excited quasiprojectiles formed in peripheral reactions oevents selected in the off-line analysis to a total detected
in well selected “single-source” or fusionlike events. In this charge equal or greater than 16 which represents almost 90%
paper devoted to thé*Mg+ °C system at 25, 35, and 45 of the total charge of the system.

MeV/nucleon, we will select fusionlike events by applying In order to select single-source events, we have used the
the discriminant analysis method, which has been previouslgiscriminant analysis method. This technique, mainly de-
used succesfully for this purpo§®,4]. This system has been voted to predict source origin, is based on a linear combina-
the subject of an earlier work in which Laroche#eal. [5] tion of observed characteristics that may be the multidimen-
have studied the dissipative binary nature of the reactions afional momentg3,6] or a set of global variables. In the
25 and 35 MeV/nucleon. The present analysis follows a represent work, we have used a large number of global vari-
cent study of this system in which we have focused on thebles taking account of different aspects such as the detec-
experiment at 45 MeV/nucledw]. tion, the kinematics of the reaction, the completeness of the

The experiments have been performed at the tandem aevent, and the form of the event in different frames. These
celerator superconducting cyclotron facility at Chalk Rivervariables are the total multplicity, the light charged (
by using a®*Mg beam accelerated at 25, 35, and 45 MeV/=1,2) particle multiplicity, the intermediate mass fragment
nucleon and bombarding a 2.4 mg/cmarbon target. The (3<Z<9) multiplicity, the mean of the charge distribution,
charged reaction products were detected in the CRL-Lavahe charge asymmetiy], the maximum charge of the event,
array composed of 80 detectors and covering angles in théne charge and energy in the lab frame of the biggest IMF,
laboratory frame from 6.8° to 46°. The set of detectors washe Y33 (minimum and maximumrelative velocity between
disposed on five rings concentric on the beam direction, eacparticles taken three by thré¢é,8], the total momentum, the
ring being composed of 16 detectors. The first three ringseconstructed center-of-magsm,) velocity, the total energy
(6.8°< 6,p<<24°) are each made of fast-slow phoswich de-in the c.m. frame, the Fox moment of order 2 (9], the

product of the eigenvalugdl0] of the kinetic flow tensor

[11], the sphericity and coplanarifyil], the transverse en-
*Corresponding author. Email address: msamri@phy.ulaval.ca ergy, the anisotropy ratifl2], and the total transverse and
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Canada V6T 2A3. both the c.m. frame and the ellipsoid frame. The flow angle,
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pendent quantity to confirm that the events we will be iso- 1
lating have flow angle distributions characteristic of fusion-
like events.

The multivariate methods we have used need a set o@
simulations in which both the impact parameter and the%
source origin are known. To this purpose, we have used th¢2
codeDIT [13] to create the entranc&Mg+ °C channel and
the GEMINI code[14] to deexcite the quasiprojectile, quasi-
target or the composite system excited nuclei. The simulatec

- E=25 MeV/nucleon
:  DIT-Gemini
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events are filtered through the geometrical and energetic cut 0 1 2 3 4 5
of the experimental array and events of total charge equal tc i b (flln)
or greater than 16 are considered. 10 © Data ot Data

An important quantity useful in the determination of cross g I
sections and the classification of nuclear reactions is the im- g { 0.6 3 {
pact parameter. This quantity is usually estimated within theE d } o4 - + {
help of variables such as the charged-particle multiplicity, g { 0.2 3 %
the total transverse kinetic energy or the midrapidity charge 3 % 0" } }
[15,16. These methods have proved to be good impact pa- 3 } 0.2 F %
rameter filters for medium or heavy systems characterizec T x| jT L
with a large range of the observed quantitities, but may not 0 2 4 6 8 0 2 4 6 8
be appropriate for light systems such as the one under study be (fm) be (fm)
In the present analysis, we have used, rather than a single
variable, a multivariate technique based on a principal com- FIG. 1. Top: The estimated impact parameter as a function of
ponent analysis of a large number of observed quantitiethe impact parameter for the simulatéMg+ '“C at 25 MeV/
[3,6]. This technique has been applied to the abovenucleon events; bottom left: the mean value of the total multiplicity
mentioned 26 global variable¥; and the impact parameter as function of the impact parameter.for.da.lta; bottom right: same
given by thedIT-GEMINI simulations. The best estimate of the S left but for the mean value of the discriminant variable.
impact parameteb, is obtained as a linear combination of e cutDy=< —0.1 selects one-source events with a contribu-
the global variables.=S7°,;V; that reproduces the im-  tion of two-source events less than 10%. Finally, experimen-
pact parameteb given by the simulator with the condition tal events of which source origin is unknown are projected
that the linear correlation coefficient betwebrand b, is on this axis and the correspondibyg distribution is given in
close to unity. The top part of Fig. 1, displaying the estimatedhe top right corner of Fig. 2. The distribution is disymmetri-
impact parameteb, as a function of the impact parameter cal and exhibits a two-component structure and can be easily
for the DIT-GEMINI filtered simulations at 25 MeV/nucleon, fitted by two Gaussian distributions. The same procedure is
shows a nice correlation between the two quantities. The

estimated impact parameter for data can then be calculated 350 | Dit-Gemini |3'3% | Data
by using the above linear combination of tie. The bottom 40 F = I
left part of Fig. 1 which displays the mean value of the ;30 2 _:10000 B
charged-particle multiplicity as a function of the estimated 520 3 3
impact parameter for data shows the expected relationship 2o | £ 5000 -
between these two quantities. The bottom right part, giving glo 3 2 i
the mean value of the discriminant variable of which low Lo 0.4.02 0 '(')'2‘ “)‘4 o 005" ‘(') 05
values are associated with fusionlike events as seen below as o Dg' ’ D ’
a function of the estimated impact parameter for data shows
a good correlation between these two quantities and also that E=25 MeV/nucleon
low impact parameters are associated with low valuds of _ [ Data (Fusion-like events)
The discriminant variabl® 4 is obtained by using the dis- £ 40000 -
criminant analysis method which givém the case of two g I
classesthe best axis that separates the two groups. The top £ i
left panel of Fig. 2 displaying the distribution of the simu- < 20000 -
lated discriminanD 4 variable obtained as a linear combina- g i
tion of the globalV; variables, S (Y i T T T P N i L
0 05 1 15 2 25 3 35 4
26 b(fm)

Dgzgl BiVi (1)

FIG. 2. Top: The discriminant function distribution for simula-
tions (left) and data(right) for the system at 25 MeV/nucleon. The
for one- and two-source events at 25 MeV/nucleon showsnick (thin) line is the contribution of oneftwo-)source events.
that source separation is well achieved. In the simulationsBottom: The impact parameter distribution for fusionlike events.
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repeated at 35 and 45 MeV/nucleon; yet at these energies the
two-component structure is no longer visible, which shows
the diminishing importance of fusion with increasing beam
energy.

Taking advantage of the “average” one-to-one correspon-
dence between the discriminant variable and the impact pa-
rameter shown in Fig. 1, one can obtain a similar relation
betweerD 4 and the experimental impact parameter obtained
as the geometrical impact parameter distribution corrected
for the detection efficiency3]. This last quantity, which
takes account of the geometrical and energetic array limita-
tions and the selection criteria, is determined within the help
of the DIT-GEMINI simulations. The impact parameter distri-
butions of fusionlike events is obtained as

1500

1000

n
S
(=]

=4

0 - Data (Fusion-like events)
- E/A=25 MeV
200 Lo E/A=35 MeV
[ ... E/A=45 MeV

100 -

Counts (arb. units)
(78]
[—4

dD I .
P1(b)=P(Dg)Z(b) with Z(b)= (d_bg) 2 0 LosiZ
b

Flow Angle (deg)

b_eing th_e Jacobian of _the _transformation. The_ bo.tt"”.“ part of FIG. 3. Top: The flow angle distribution for alZ=16 events
Fig. 2 gives the resulting impact parameter distribution cors, Mg+ *°C reactions at 25, 35, and 45 MeV/nucleon. Bottom:
r?Cted for deteCt_'on F_"ﬁ'c!ency for fusionlike gvents. The fu'Same as top for selected fusion events. All distributions are normal-
sion cross section is finally computed with formuds ized to the same number of events.
=2m[sPi(b)bdb. The computed value iso=115
=20 mb. The uncertainty on this cross section comesredicts a fusion cross section for th#g+ °C at 25 MeV/
mainly from the detection efficiency as this quantity is takennucleon of about 500 mb and is larger than the presently
from simulations. This fusion cross section accounts formeasured value. ThaT model we have used predicts fusion
about 6% of the total reaction cross section as calculated byp to 3.5 fm which yields a fusion cross section of about 385
the parametrization of Kot al. [17]. Such ratios of the mb and is higher than the measured value. Such discrepan-
fusion cross section to the total reaction cross section areies between measured and predicted cross sections in this
usually reported in the literature for systems of comparablenergy range may be due to the uncertainty on the fusion
c.m. energy per nucleon. The authors of R&8] have mea- barriers used in these models. Another fact that can lower the
sured a fusion cross section for the system-Mi\l at 28  fusion cross section in th#g+ °C system is the particular
MeV/nucleon of about 300 mb which represents 10.2% ofalpha structure of the projectil@3] that makes it break up
the total reaction cross section. Bekal.[19] have reported before reaching the critical fusion distance.
cross section values of 265 mb and 164 mb for the system The same procedure is repeated for the experiments at 35
283+ 283 at 26 and 30 MeV/nucleon, respectively, account-and 45 MeV/nucleon and the corresponding fusion cross sec-
ing for 11.4% and 6.9% of the total reaction cross section. tions values are found to be 58 and 22 mb, respectively. This
Theoretical models used to predict fusion reaction crossbserved decrease of the fusion and the increasing impor-
sections such as the critical distance md@é] and the Bass tance of other mechanisms such as binary dissipative ones
model[21] usually divide the c.m. energy range into threecan be seen in the evolution of the flow angle distribution for
regions. These models were developed for low-energy reaghe three experiments. The top part of Fig. 3 shows the flow
tions but have been successfully extended to the lower pagngle distribution for the whole data set f=16) with no
of the intermediate energy range with the syst&é@+1%C at  selection of the fusion events at the three energies. The dis-
19.5 MeV/nucleon[22]. For the present experiment at 25 tribution at 25 MeV/nucleon has a shape closer to a sinelike
MeV/nucleon, the fusion cross section may be evaluated ipattern typical of one-source everi&4,25 than the distri-
the higher energy regime of these models in the frameworkution at 45 MeV/nucleon which has a smaller mean value
of the critical distance fusion model by the following expres-(45.4° as compared to 54.4° at 25 MeV/nuclgowlicating

sion: the fade of fusion and the increasing importance of binary
dissipative reactions from 25 to 45 MeV/nucleon.
120 02d2— n _ The .fu5|onI|k.e events are selected by requiring that the
op=md?| 1+ [pogd™—Uc(d)+Q , (3)  discriminant variable be less than0.1. These events cover
Ecm a range of estimated impact parameters from 0 to 4 fm as can

be seen from Fig. 1. The bottom part of Fig. 3 displays the
whered is the critical distance between the colliding nuclei distribution of flow angle for selected fusionlike events at the
of reduced masg. and separation energ relative to the three bombarding energies. All distributions are characteris-
compound nucleus. The parametey is given by fiwgy tic of single-source events and have high mean values. As the
= Bo with w=40A"13 and 8=0.75. The potentialc and  bombarding energy increases, the mean multiplicity first in-
the critical distanced are defined in Ref[20]. The model creases from 7.35 at 25 MeV/nucleon to a maximum value of

061603-3



RAPID COMMUNICATIONS

M. SAMRI et al. PHYSICAL REVIEW C 65 061603R)

TABLE I. Relative importance in % for the different fragment- peak in fragment production can be related to the onset of
ing channels for fusion events and for all events at the three bommultifragmentation. For very light systems as the one under
bar_ding energies. The numbers _betw_een parentheses in the casesgfjdy presently and to our knowledge, it is the first observa-
fusion events are the cross sections in mb. tion of the rise and fall of the total charged-particle multi-
plicity. It may seem paradoxal that with the increase of beam
energy, class 1 which we may call “vaporization” will dis-

Channel E/A=25 MeV E/A=35 MeV E/A=45 MeV

Fusion events appear. True vaporization occurs when the system promptly
1 11.2(12.9 10.8(6.3 0.2 (0.05 disintegrates into its elemental constituents with atomic num-
2 88.3(101.5 87.3(50.6 81.0(17.9 bers less than 3 and is expected to occur around an excitation
3 0.5(0.6) 1.5(0.87 4.2(0.93 energy of 6 MeV/nucleofi36]. This does not seem to be the
4 0.000) 0.4(0.2 14.6(3.3 case in this particular small system. The picture that can be

All events drawn here is that at 25 and 35 MeV/nucleon, the system

1 4.8 6.9 0.2 may undergo full deexcitation sequential steps leading finally
2 91.4 89.2 78.2 to a channel with only light charged particles. At 45 MeV/
3 3.6 1.2 11.5 nucleon, the excitation energy increases and the multifrag-
4 0.2 2.7 10.1 mentation decay mode opens. When considering 3lze

=18 system, channels with as much as five IMF’s such as

7.70 at 35 MeV/nucleon and then decreases to 6.90 at 40 J;iIF\I/Jer:,ailc_jlTg'?;rs:,n??r;’l/_lZEHailan:szt):?i§+3Llc?1renn |
MeV/nucleon. This interesting feature is not due to some P o P €s. Lhanneis

trivial detection effects as theemiNI filtered simulations do with éTree_, Ifgur, OLf'Ve IIMFsr?re g"t_)f)’/mdl.ﬁwhw'th a com- ¢
not predict this peak in the multiplicity distribution. The val- parable yield, each one less than 0.5%, with the exception o

ues given by these simulations are 6.7, 8.2, and 9.6 for th€hannels & Be+Li+He+3H, C+2Li+2He+2H, C+B+Li

25, 35, and 45 MeV/nucleon bombarding energies, respect He+2H, and CrBe+Li+2He+H which yield represents

tively. This peak in the multiplicity distribution is neither due Petween 0.5% and 1% of all yields. The total number of
to the cut imposed on the discriminant variable as it is alsghese open fragmentation channels is 98 while at 25 and 35
present for the whole complete data set for which the meafM€V/nucleon it is only 21 and 32, respectively. Energy
values of the muiltiplicity are 6.85, 7.20, and 6.65 for thethreshold effects cannot account for this as the center-of-
three increasing beam energies, respectively. In order to urinass velocity even at 25 MeV/nucleon is higher than the
derstand the origin of this peak in the multiplicity distribu- energy thresholds. Moreover, if these effects were important,
tion, the different decay channels were classified into fouthey should also favor the production 6f 2 particles at 45
categories(i) A class containing only light charged particles MeV/nucleon which is not the case as we have seen above.
(LCP’s, Z=1,2). (ii) A class with one or two IMF's and In a recent study4], we have constructed two-fragment re-
LCP’s and no residudiii) A multifragmentation class with duced velocity correlation functions and showed that this
three or more IMF's and LCP’iv) A class with a heavy class(here called Bof events(which we labeledC in that
residue Z=10) and IMF's or LCP’s. study) is associated with a short time scale suggestive of
Table | gives the relative importance of these differentprompt multifragmentation. Another interesting fact at 45
decay channels for fusion ever{@so given in this case the MeV/nucleon is the importance of class 4 characterized by a
cross sections in mkand for all events at the three bombard- copious production of a heavy residug= 10) and one IMF.
ing energies. A striking feature is the disappearance of th@his class of events has been also attributed to fusionlike
decay channel with only LCP’s at 45 MeV/nucleon and theevents by a discriminant analysis applied to the 625 quadri-
growing importance of the multifragmentation channel. Atmomentg4] and labeled clas8 in that work. These events
25 MeV/nucleon, when considering only th&Z =18 events, have been attributed to the formation of an orbiting dinuclear
the most abundant LCP’s channels are the 8He2H andystem that reseparates after a short time.
7He4H channels and account for 6.5% and 1.7%, respec- In conclusion, we have selected in this work fusionlike
tively, of all 343 3°Ar possible breakup channels. The total events in th&Mg-+ 1%C system at three bombarding energies
number of breakup channels, is calculated from multiplicityof the intermediate energy domain by applying the discrimi-
3 to 12 and with the condition that the maximum detectedhant analysis method to a set of 26 global variables. The
charge is 12. At 35 MeV/nucleon the former LCP’s channelsmeasured fusion cross sections are found to be lower than
account for 3.8% and 5.4% respectively. The contribution oftheoretical values and to decrease strongly with increasing
both these channels to all channels at 45 MeV/nucleon ibeam energy. The total charged-particle multiplicity presents
very low and only about 0.1%. As the decay channels witha peak at 35 MeV/nucleon which may indicate the appear-
only LCP’s are characterized with high multipliciti€s0 and  ance of a change in the decay mechanisms. The sequential
11), their absence at 45 MeV/nucleon is responsible for theevaporative decay at 25 MeV/nucleon leading to channels
observed decrease of the total multiplicity at this energycontaining only LCP’s is strongly suppressed at 45 MeV/
This rise and fall of the multiplicity is usually observed for nucleon and is replaced by the multifragmentation decay
fragments and intermediate mass fragments for heavy or m@nechanism that opens strongly and competes with the more
dium mass system26-34. Some recent quantum molecu- traditional decay channels such as particle or light fragment
lar dynamics Ca-Ca simulatior{85] have shown that the evaporation and orbiting.
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