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40Ca1 40Ca reaction at E lab535 MeV/nucleon: Filters and signatures to distinguish
nearly central from peripheral collisions
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Multifragment emission of charged particles from the40Ca1 40Ca 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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PACS number~s!: 25.70.Gh, 25.70.Lm, 25.70.Pq
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Multifragmentation of nuclei has been studied in ma
experimental and theoretical works@1–4#. It is expected that
such phenomena can be used for studying thermodyna
properties of hot nuclear systems~nuclear matter! @2#.

In the case of a heavy-ion reaction, one may expect m
tifragmentation of a composite system created in a nea
central collision~NCC! but also multifragmentation of one
or both of the two highly excited fragments produced
more peripheral deep inelastic collisions~DIC!, which domi-
nate the reaction picture at intermediate energies~see, e.g.,
@5,6#!. In order to compare experimental data with pred
tions of various theoretical models it is thus necessary
separate events corresponding to different impact par
eters. Special conditions imposed event by event on the
are used for that purpose. The most popular one is the h
multiplicity threshold, as there exists a simple relation b
tween multiplicity and impact parameter~angular momen-
tum! @7#. Other observables used for construction of filte
are centrality@8#, midrapidity charge@9#, average parallel
velocity @10#, total transverse momentum@10#, second mo-
ment of the charge distribution@1#, the total detected charg
@11#, and the momentum tensor~see @10# and references
therein!. Comparison of different filters was made in@10# for
the asymmetric40Ar 1 27Al system.

In this work we discuss the problem of separation
NCC’s in the 40Ca1 40Ca reaction at 35 MeV/nucleon. Th
multifragment emission from this reaction has been inve
gated at SARA~Hagelet al. @1#!, using the AMPHORA de-
tector system@12#. It consisted of 140 CsI detectors of whic
92 detectors included fast plastic scintillators on the fro
faces. These latter detectors were used to identify interm
ate mass fragments~IMF’s!, albeit with relatively high en-
ergy thresholds~about 7 MeV/nucleon!. Detection of heavier
charged particles provides more information for analysis
the reaction mechanism. We therefore decided to repeat
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measurements with the upgraded AMPHORA. In the pres
experiment 30 gas ionization chambers were placed in fr
of the CsI detectors lowering energy thresholds to abou
MeV/nucleon @13#. This installation was made for two
AMPHORA rings, at angles 31.2 and 46.6 degree
for which computer simulations suggested a lar
cross section for intermediate mass fragments. T
AMPHORA detectors cover about 80% of 4p. No on-line
triggers were applied and low beam intensity was us
throughout the run in order to reduce the rate of acciden
events. Windows were set on time spectra to clean data f
accidental coincidences. For analysis we used only event
which the total detected chargeZtot was at least 85% of the
charge, available in the entrance reaction channelZ0 but
smaller then 41. Elastic scattering of4He, 12C, 16O, and
20Ne ions at four different energies was used for the IM
energy calibration. A more detailed description of the expe
mental procedure and results of the present experiment
be given in a forthcoming paper. Experimental results of t
paper agree generally with the data published in@1#. They
contain, as expected, much broader energy spectra of IM
~see Fig. 1!.

As a first step of data processing the high multiplici
threshold was applied for elimination of the DIC events.
order to evaluate the efficiency of this filter, model calcul
tions have been performed using a Monte Carlo event g
erator@14#. Here the interaction potential of colliding ions i
computed. For smaller impact parameters, when the sys
is trapped in a potential pocket a composite system
formed. It may decay either by prompt or by sequential m
tifragmentation@15#. Otherwise, the collision is treated as
DIC @16,6#, with a formation and subsequent deexcitation
two hot Ca-like fragments. For the larger angular mome
contributing to fusion the fission channel is favored. F
comparison with data, the solid lines in Fig. 1@see also Figs.
R10 © 1996 The American Physical Society
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54 R1140Ca140Ca REACTION ATElab535 MeV/NUCLEON: . . .
6~a! and 6~c!# show predictions of the event generator.
each case the influence of the AMPHORA detector syst
and of respective filters was taken into account@17#.

Figure 2 presents distribution of events from40Ca 1
40Ca collisions vs angular momentumL, predicted by the
event generator for different multiplicity thresholdsM th . As
one can see, the angular momentum windows shift tow
smallerL values with increasingM th , and forM th519 the
angular momentum window witĥL&570\ may be reached
~see inset in Fig. 2!. This value is well inside the composit
system formation range~from zero to about 100\) predicted
by the model.

Unfortunately,M th is correlated with the relative contri
bution of events in which two reactions occurred in the sa
beam burst. Figure 3 shows distribution of the total energy
charged particles measured, in this experiment, in conse
tive events. ForM th510 @Fig. 3~a!# these random events ar
represented only by a negligible high-energy tail. F
M th516 @Fig. 3~b!# the situation is similar, but forM th519
@Fig. 3~c!# the number of randoms is of the order of 30%
true events.

To improve selection of NCC’s we have used the line
momentum tensor that gives the shape of each multifragm
tation event in the linear momentum space@18#. Following a
suggestion of Lopez and Randrup@19# the event shape analy
sis in the sphericity (S), coplanarity (C) plane was used by
Cebraet al. @20# and Barzet al. @21# in order to distinguish

FIG. 1. Measured energy distributions ofZ56,10, and 12 frag-
ments at angles 7.8 and 46.6 degrees. Histograms represent p
tions of the Monte Carlo event generator.
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between the sequential and prompt multifragmentation in
reaction 40Ar 1 51V, at incident energies from 35 to 85
MeV/nucleon. In our case, beside the multiplicity threshol
we impose on events an additional condition using theS,C
plane. For (S,C)5(1,0) the momentum surface defined by
the linear momentum tensor has a spherical shape,
@(3/4),(A3/4)# it has a disc shape, and for~0,0! it is a
rodlike object. In an infinite multiplicity approximation,
events from central collisions are represented by the~1,0!
point. For rather low multiplicities of our reaction they are
smeared over quite a large region, but not the same as for
DIC reaction. In Fig. 4, the ratio of the number of the com
posite system decays~as predicted by the event generator! to
the total number of events is presented in theS,C plane with
the same condition as in Fig. 3~b!. The box size in Fig. 4 is
proportional to this ratio. The inset in Fig. 4 shows distribu
tion of this ratio along the (c,d)~1,0! path. As one can see,
the composite system decays predominate in the right part
the picture. We propose therefore a filter that together wi
the M th516 condition permits only the events that are lo
cated inside the triangle (a,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 t
high multiplicity filter alone withM th519, however it se-
lects events not contaminated by random events where t
reactions occurred in the same beam burst@Fig. 3~d!#.

To check our filter we have investigated the distributio
of velocities from measured events in a special plan
vpar,v rel . Herevpar is a c.m. velocity~for all Z.1 particles
in an event! projected on thevW 1-vW 2 axis. For each eventvW 1
and vW 2 denote the velocities of the heaviest detected fra

redic-

FIG. 2. Number of events vs angular momentum, predicted b
the event generator, for different values of multiplicity threshold
M th . Circles indicate an angular momentum window forM th516
plus restriction to events located inside the triangle (a,b)(1,0) ~Fig.
4!. 33,Ztot,41 was required for all the multiplicity filters. The
^L& vs M th plot is given in the inset. The horizontal line corre-
sponds to the ‘‘triangle’’ filter.
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R12 54P. PAWL”OWSKI et al.
ment and of the second heaviest, respectively. The relat
velocity v rel is defined here asv rel5uvW 12vW 2u. For DIC,
v rel depends on the energy dissipation~impact parameter! of
a collision and for NCC on the potential barrier of the com
posite system. For the symmetric40Ca1 40Ca reaction the
velocity vectors should be concentrated in two locations fo
DIC collision, but only in one location for the light particle
~LP! and IMF decay of a composite system.

As a first step we apply the low multiplicity filter
M,10, which should select more peripheral collisions. Tw
hills @contour plot in Fig. 5~a!# with peaks located atv rel of
about 0.2c are seen in this case~c denotes the velocity of
light!. They can be identified as two hot Ca-like fragmen
moving apart with relative velocitiesv rel5uvW 12vW 2u. Because
of anisotropy of energy thresholds and the granularity
AMPHORA the picture is not exactly symmetric around th
zero point of thevpar axis. For the high multiplicity filter
M th510 alone@Fig. 5~b!# a shoulder appears connecting th
point located near the c.m. and havingv rel values of about
0.12c, with one of the DIC hills. It may represent composi

FIG. 3. Distribution of the total kinetic energy of charged pa
ticles measured event by event, for 33,Ztot,41 with ~a!
M th510, ~b! M th516, ~c! M th519, ~d! M th516 plus restriction to
events located inside the triangle (a,b)(1,0) ~Fig. 4!.
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Ca1Ca systems. For high multiplicities (M th510) slower-
moving heavier DIC partners are discriminated by the dete
tion system and therefore relative intensity of the source w
v rel of about 0.1c is artificially enhanced. Also one can o
serve that the left DIC peak is higher than the right one. It
so because a smaller number of emitted particles accomp
the heaviest fragment~located at the right side!. Figure 5~c!
presents the situation in thevpar,v rel plane for the new filter
which together with theM th516 condition permits these
events only which are located inside the triangle (a,b)~1,0!
in Fig. 4. Now only one hill appears, located at the c.m
suggesting emission of particles from a composite syst
created in NCC’s.

In order to visualize reaction scenarios of Fig. 5 in a di
ferent way, we propose to look at the angular distributio
dN(u)/dV, of charged particles defined in the c.m. refe
ence frame with theZ axis parallel to the vectorvW rel defined
as before. Hereu is the polar angle. For events from DIC’s
the projectilelike fragment and the targetlike fragment dec
by emission of LP and IMF’s, and in the c.m. velocity spac
one should observe two bundles of velocity vectors, co
tained inside two cones, oriented alongvW 1 and vW 2 , respec-
tively. The velocity vectors should therefore exhibit an a
gular distribution with maxima in directions ofvW 1 andvW 2 . In
this case,dN(u)/dV should have a concave shape, wit
maxima in the vicinity of 0 and 180 degrees.

For a NCC collision after prompt multifragmentation
fragments belonging to some partition are accelerated alo
respective Coulomb trajectories. The two heaviest fragme
of the partition ~event! are emitted almost back to back
@15,19#. At the beginning they create an axial, very stron
Coulomb field that focuses the remaining charged ejectil
giving a maximum in thedN(u)/dV distribution, located

-

FIG. 4. Competition of NCC and DIC events~event generator!
in theS,C plane given byn NCC/(n NCC1nDIC), wheren represents
the corresponding number of cases. The inset shows distribution
this ratio along the (c,d)(1,0) path. The width of the path is given
by broken lines. The plot is prepared with conditions of Fig. 3~b!.
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54 R1340Ca140Ca REACTION ATElab535 MeV/NUCLEON: . . .
close to 90 degrees~see@15#!. In the case of sequential mul
tifragmentation one also gets a maximum in thedN(u)/dV
distribution, although it is less pronounced@15#. Here also
the two heaviest fragments are emitted almost back to b
and, due to momentum conservation, other fragments
emitted preferentially in directions different from 0 and 18
degrees.

Figure 6 presents thedN(u)/dV distributions ofZ.1
particles for the same filters as in Fig. 5. As seen from F
6~a!, thedN(u)/dV distribution has a concave shape as p
dicted for a DIC reaction. ForM th510 @Fig. 6~b!# we still
have a concave angular distribution suggesting a quite la
admixture of the DIC events. However a relative minimu
in the dN(u)/dV distribution is here shallower. The situa
tion changes qualitatively whenM th516 and the additional
condition is imposed in theS,C plane. As seen in Fig. 6~c!
thedN(u)/dV angular distribution has now a convex sha
in agreement with our expectation for nearly central co
sions.

FIG. 5. Distribution of measured velocities ofZ.1 particles in
the vpar,v rel plane ~linear contour plot!, for 33,Ztot,41. ~a!: for
multiplicities,10 ~b!: for multiplicities>10; ~c!: for multiplicities
>16 plus restriction to events located inside the triang
(a,b)(1,0) ~Fig. 4!.
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In conclusion, we have investigated the40Ca1 40Ca re-
action at 35 MeV/nucleon using an improved configurati
of the AMPHORA multidetector. Our results highlight th
difficulties associated with separation of central collisio
from DIC events in reactions of light symmetric ions. W
have shown that together with the multiplicity and tot
charge thresholds the use of an additional condition in
S,C plane greatly improves the rejection of DIC events. Gl
bal variablesS andC employed in the proposed filter mak
use of all detected products and are therefore well suited
sorting small impact parameters@10#. The proposed filter re-
duces the number of transmitted events to about 1/100 of
initial value, with the total charge threshold alone. This r
duction factor is similar to that of the filter with
33,Ztot,41, andM th519 ~predicted by the event genera
tor! which creates a similar angular momentum windo
However the total energy spectra~Fig. 3! strongly suggest
that in our experiment the high multiplicity threshold alon
cannot be used because of random events.

We have also proposed two representations of events

le

FIG. 6. ThedN(u)/dV angular distribution for 33,Ztot,41.
Additional conditions in 6~a!–6~c! are the same as in 5~a!–5~c!.
Solid lines represent predictions of the Monte Carlo event gene
tor.
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ful for monitoring contributions from the DIC sources. Th
first of them is thevpar,v rel map, where a DIC contribution
appears as two hills. The second one is the charged-pa
angular distribution, measured in a coordinate system
ented by the velocities of two heaviest fragments. The dis
bution changes shape from a concave to a convex cu
when the reaction scenario changes from DIC to a forma
e

ticle
ori-
tri-
rve,
tion

of a single composite system, which decays by emission
LP’s and/or IMF’s.
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