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40Ca+ “%Ca reaction at E ,,=35 MeV/nucleon: Filters and signatures to distinguish
nearly central from peripheral collisions
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Multifragment emission of charged particles from tffi€a + “°Ca reaction at 35 MeV/nucleon has been
investigated. Multiplicity as well as event shape filters were used to distinguish nearly central from peripheral
collisions. A correlation between higher multiplicities and random events from two reactions occurring in one
beam burst is discussed. Signatures of different reaction scenarios are investigated using simulation techniques.
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Multifragmentation of nuclei has been studied in manymeasurements with the upgraded AMPHORA. In the present
experimental and theoretical works—4]. It is expected that experiment 30 gas ionization chambers were placed in front
such phenomena can be used for studying thermodynamif the Csl detectors lowering energy thresholds to about 1
properties of hot nuclear systerfrauclear matter[2]. MeV/nucleon [13]. This installation was made for two

In the case of a heavy-ion reaction, one may expect mulAMPHORA rings, at angles 31.2 and 46.6 degrees,
tifragmentation of a composite system created in a nearlyjor which computer simulations suggested a large
central collision(NCC) but also multifragmentation of one cross section for intermediate mass fragments. The
or both of the two highly excited fragments produced in AMPHORA detectors cover about 80% ofr4 No on-line
more peripheral deep inelastic collisiofi3/C), which domi-  triggers were applied and low beam intensity was used
nate the reaction picture at intermediate ener¢ée®, e.g., throughout the run in order to reduce the rate of accidental
[5,6]). In order to compare experimental data with predic-events. Windows were set on time spectra to clean data from
tions of various theoretical models it is thus necessary t@ccidental coincidences. For analysis we used only events in
separate events corresponding to different impact paranwhich the total detected chargg,; was at least 85% of the
eters. Special conditions imposed event by event on the datharge, available in the entrance reaction chamfebut
are used for that purpose. The most popular one is the higbmaller then 41. Elastic scattering 6He, °C, 0, and
multiplicity threshold, as there exists a simple relation be->°Ne ions at four different energies was used for the IMF
tween multiplicity and impact parametéangular momen- energy calibration. A more detailed description of the experi-
tum) [7]. Other observables used for construction of filtersmental procedure and results of the present experiment will
are centrality[8], midrapidity charge[9], average parallel be given in a forthcoming paper. Experimental results of this
velocity [10], total transverse momentufi0], second mo- paper agree generally with the data publishedlih They
ment of the charge distributidri], the total detected charge contain, as expected, much broader energy spectra of IMF’s
[11], and the momentum tensdsee [10] and references (see Fig. L
therein. Comparison of different filters was made[it0] for As a first step of data processing the high multiplicity
the asymmetric*®Ar + 27Al system. threshold was applied for elimination of the DIC events. In

In this work we discuss the problem of separation oforder to evaluate the efficiency of this filter, model calcula-
NCC’s in the*°Ca + “%Ca reaction at 35 MeV/nucleon. The tions have been performed using a Monte Carlo event gen-
multifragment emission from this reaction has been investierator[14]. Here the interaction potential of colliding ions is
gated at SARA(Hagelet al. [1]), using the AMPHORA de- computed. For smaller impact parameters, when the system
tector systeni12]. It consisted of 140 Csl detectors of which is trapped in a potential pocket a composite system is
92 detectors included fast plastic scintillators on the frontformed. It may decay either by prompt or by sequential mul-
faces. These latter detectors were used to identify intermediifragmentation15]. Otherwise, the collision is treated as a
ate mass fragmentdMF’s), albeit with relatively high en- DIC [16,6], with a formation and subsequent deexcitation of
ergy thresholdsabout 7 MeV/nucleon Detection of heavier two hot Ca-like fragments. For the larger angular momenta
charged particles provides more information for analysis ofcontributing to fusion the fission channel is favored. For
the reaction mechanism. We therefore decided to repeat tr@dmparison with data, the solid lines in Fig[skee also Figs.
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(L) vs My, plot is given in the inset. The harizontal line corre-
Energy (MeV) sponds to the “triangle” filter.

between the sequential and prompt multifragmentation in a
reaction “?Ar + °!, at incident energies from 35 to 85
eV/nucleon. In our case, beside the multiplicity threshold
we impose on events an additional condition using $h@
plane. For §,C)=(1,0) the momentum surface defined by
he linear momentum tensor has a spherical shape, for
(3/4),(3/4)] it has a disc shape, and 0,0 it is a
rodlike object. In an infinite multiplicity approximation,
events from central collisions are represented by (thé€)
point. For rather low multiplicities of our reaction they are
meared over quite a large region, but not the same as for the
IC reaction. In Fig. 4, the ratio of the number of the com-
d posite system decayas predicted by the event generatior
the total number of events is presented in $h€ plane with
the same condition as in Fig(l8. The box size in Fig. 4 is
proportional to this ratio. The inset in Fig. 4 shows distribu-
tion of this ratio along thed,d) (1,0 path. As one can see,
he composite system decays predominate in the right part of
he picture. We propose therefore a filter that together with
he My=16 condition permits only the events that are lo-
cated inside the trianglea(b)(1,0), in Fig. 4. The angular
momentum window of this filter, predicted by the event gen-
erator, is presented in Fig. 2. It has a shape similar to the
high multiplicity filter alone withMy,=19, however it se-
lects events not contaminated by random events where two

To improve selection of NCC’'s we have used the IinearreaCt'OnS occurreq in the same_beam_ biFeg. 3(d)]'. I
momentum tensor that gives the shape of each multifragmen- To Ch?.Ck our filler we have mvesnggted . d|§tr|but|on
tation event in the linear momentum sp4t8]. Following a of velocities from_ measuredl e\_/er}ts IrI]I a speC|a_I Iplane.
suggestion of Lopez and Randrii®] the event shape analy- UrarUrel- HerevPar IS ac.m.ve gcny( .or allz>1 part|c§s
sis in the sphericity $), coplanarity C) plane was used by in an evenk projected on the 1-v, axis. For each event;
Cebraet al. [20] and Barzet al.[21] in order to distinguish andv, denote the velocities of the heaviest detected frag-

FIG. 1. Measured energy distributions 0£ 6,10, and 12 frag-
ments at angles 7.8 and 46.6 degrees. Histograms represent pre
tions of the Monte Carlo event generator.

6(a) and €c)] show predictions of the event generator. In
each case the influence of the AMPHORA detector syste
and of respective filters was taken into accoluri].

Figure 2 presents distribution of events froffiCa +
40Ca collisions vs angular momentuln predicted by the
event generator for different multiplicity thresholif,,. As
one can see, the angular momentum windows shift towar
smallerL values with increasing/,, and forMy,=19 the
angular momentum window witfL ) =70% may be reache
(see inset in Fig. R This value is well inside the composite
system formation rangérom zero to about 100) predicted
by the model.

Unfortunately,My, is correlated with the relative contri-
bution of events in which two reactions occurred in the sam
beam burst. Figure 3 shows distribution of the total energy o
charged particles measured, in this experiment, in consec
tive events. FoM,= 10[Fig. 3(@)] these random events are
represented only by a negligible high-energy tail. For
My,= 16 [Fig. 3(b)] the situation is similar, but foM ;=19
[Fig. 3(c)] the number of randoms is of the order of 30% of
true events.
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100 [ moving heavier DIC partners are discriminated by the detec-
C tion system and therefore relative intensity of the source with
AN v, Of @about 0.1c is artificially enhanced. Also one can ob-
0500 1000 1500 2000 serve that the left DIC peak is higher than the right one. It is
. so because a smaller number of emitted particles accompany
Total kinetic energy (MeV) the heaviest fragmergtocated at the right sideFigure %c)

presents the situation in thg,,, v, plane for the new filter
FIG. 3. Distribution of the total kinetic energy of charged par- Which together with theM,=16 condition permits these
ticles measured event by event, for 83,<41 with (@  €vents only which are located inside the trianged) (1,0
M =10, (b) M= 16, (¢) M= 19, (d) M= 16 plus restriction to  IN Fig. 4. Now only one hill appears, located at the c.m.
events located inside the triangla, b)(1,0) (Fig. 4). suggesting emission of particles from a composite system
created in NCC's.

ment and of the second heaviest, respectively. The relative In order to visualize reaction scenarios of Fig. 5 in a dif-
velocity v, is defined here a®re|:|51_52|_ For DIC, ferent way, we propose to look at the angular distribution,

v o depends on the energy dissipatiampact parametgiof dN(6)/dQ, of charged particles defined in trle c.m. refer-
a collision and for NCC on the potential barrier of the com-€nce frame with th& axis parallel to the vectar, defined
posite System_ For the Symmetﬂ&:a + 40Ca reaction the as before. Herd is the polar angle. For events from DIC's,
velocity vectors should be concentrated in two locations for ¢he projectilelike fragment and the targetlike fragment decay
DIC collision, but only in one location for the light particle by emission of LP and IMF's, and in the c.m. velocity space
(LP) and IMF decay of a composite system. one should observe two bundles of velocity vectors, con-
As a first step we apply the low multiplicity filter tained inside two cones, oriented along andv,, respec-
M <10, which should select more peripheral collisions. Twotively. The velocity vectors should therefore exhibit an an-
hills [contour plot in Fig. $a)] with peaks located at of  gular distribution with maxima in directions of, andv,. In
about 0.2c are seen in this ca@edenotes the velocity of this case,dN(6)/dQ should have a concave shape, with
||ght) They can be identified as two hot Ca-like fragmentSmaxima in the V|C|n|ty of 0 and 180 degrees_
moving apart with relative velocitias,,=|v,—v,|. Because For a NCC collision after prompt multifragmentation,
of anisotropy of energy thresholds and the granularity offragments belonging to some partition are accelerated along
AMPHORA the picture is not exactly symmetric around the respective Coulomb trajectories. The two heaviest fragments
zero point of thevp, axis. For the high multiplicity filter of the partition (even) are emitted almost back to back
My,= 10 alone[Fig. 5(b)] a shoulder appears connecting the[15,19. At the beginning they create an axial, very strong
point located near the c.m. and having, values of about Coulomb field that focuses the remaining charged ejectiles,
0.12c, with one of the DIC hills. It may represent compositegiving a maximum in thedN(4)/dQ) distribution, located
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FIG. 6. ThedN(#)/dQ angular distribution for 38Z,,,<41.
Additional conditions in €2)—6(c) are the same as in(&-5(c).
Solid lines represent predictions of the Monte Carlo event genera-

FIG. 5. Distribution of measured velocities 8f>1 particles in
the v par,v e Plane (linear contour plat for 33<Z,,<41. (a): for
multiplicities <10 (b): for multiplicities = 10; (c): for multiplicities
=16 plus restricton to events located inside the triangle!or-
(a,b)(1,0) (Fig. 9.

In conclusion, we have investigated th&a + “°Ca re-
close to 90 degreesee[15]). In the case of sequential mul- action at 35 MeV/nucleon using an improved configuration
tifragmentation one also gets a maximum in the(8)/dQ of the AMPHORA multidetector. Our results highlight the
distribution, although it is less pronouncéth]. Here also difficulties associated with separation of central collisions
the two heaviest fragments are emitted almost back to backom DIC events in reactions of light symmetric ions. We
and, due to momentum conservation, other fragments areave shown that together with the multiplicity and total
emitted preferentially in directions different from 0 and 180 charge thresholds the use of an additional condition in the
degrees. S,C plane greatly improves the rejection of DIC events. Glo-

Figure 6 presents theN(6)/dQ) distributions ofZ>1  bal variablesS andC employed in the proposed filter make
particles for the same filters as in Fig. 5. As seen from Figuse of all detected products and are therefore well suited for
6(a), thedN(6)/d() distribution has a concave shape as pre-sorting small impact parametes0]. The proposed filter re-
dicted for a DIC reaction. FoM,= 10 [Fig. 6b)] we still duces the number of transmitted events to about 1/100 of the
have a concave angular distribution suggesting a quite largeitial value, with the total charge threshold alone. This re-
admixture of the DIC events. However a relative minimumduction factor is similar to that of the filter with
in the dN(6)/dQ distribution is here shallower. The situa- 33<Z,,,<41, andM,=19 (predicted by the event genera-
tion changes qualitatively whell ,= 16 and the additional tor) which creates a similar angular momentum window.
condition is imposed in th&,C plane. As seen in Fig.(6) However the total energy spectthig. 3) strongly suggest
the dN(6)/dQ angular distribution has now a convex shapethat in our experiment the high multiplicity threshold alone
in agreement with our expectation for nearly central colli-cannot be used because of random events.
sions. We have also proposed two representations of events use-
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ful for monitoring contributions from the DIC sources. The of a single composite system, which decays by emission of
first of them is thev po,v 1 Map, where a DIC contribution LP’s and/or IMF's.

appears as two hills. The second one is the charged-particle The authors are indebted to the SARA cyclotron staff for
angular distribution, measured in a coordinate system oriproviding the excellent beam. This work was supported by
ented by the velocities of two heaviest fragments. The distrithe Polish-FrencIN ,P3) agreement and the Committee of

bution changes shape from a concave to a convex curvecientific Research of Poland, KBN Grant No. PB719/P3/93/

when the reaction scenario changes from DIC to a formatio®4.
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