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abstract

The charge distribution of multifragment de-
cays of 197Au projectile at 10.6A GeV in nuclear
emulsion is fitted with a power law. The corre-
lations between the charges emitted are given as
a function of the total charge confined in frag-
ments Zyoung for Z > 2, which is a measure
of the violence of the collision. The observables
of the present experiment are compared to the
197Au beam at 600A MeV in the domain of lim-
iting fragmentation and they are aiso reproduced
by the predictions of the statistical and the per-
colation models. Small changes in the values of
some of these observables are revealed in the two
energies.

PACS Numbers: 24.60Ky, 25.70.Np, 25.75+r

In relativistic heavy ion collisions, the com-
pression of nuclear matter results in the produc-
tion of particles and the system expands and dis-
assembles into multifragments. Multifragmenta-
tion has been considered to be one of the most
important aspects of heavy ion collisions since it
has been speculated that the decay of a highly
excited nuclear system might carry information
about the equation of state and the liquid—gas
phase transition of low density nuclear matter.
Recently, there has been a considerable progress
in the study of nuclear multifragmentation in
heavy ion collisions where excited nuclei decay
by emitting several intermediate mass fragments
(IMFs) [1, 2], but as yet we are not aware of the
exact nature of these decays. Competing mod-
els suggest different decay mechanisms and ex-
periments have yet to discriminate between sev-
eral theoretical scenarios which range from the
sequential decay of compound nucleus [3,4] to
statistical nuclear models [5,6,7] and exotic ones



like large fluctuations in the region of mechan-
ical instability [8]. To decide which processes
actually occur, multifragment emission is being
extensively studied in heavy ion collisions. So far,
the majority of the experiments have been per-
formed electronically and the highest projectile
energy has been < 1A GeV. Recently, the AL-
ADIN collaboration [2] at GSI studied the multi-
fragmentation of 1%7Au projectiles at 600A MeV
on different targets and compared their results
successfully with the statistical [5,6,7] and per-
colation models [9,10]. They concluded that
there was a large degree of equilibrium in the
decay system of the excited spectator at differ-
ent impact parameters. At still higher energy, if
the excitation energy of disassembling nucleus is
lowered to the binding energy, then it may be
energetically favourable for the system to decay
into multifragments. In this paper, we are pre-
senting for the first time the production of IMFs
from 197Au beam at the largest available energy
of 10.6A GeV (an unexplored energy region —
a factor of about twenty higher as compared
to the GSI energy) from Brookhaven National
Laboratory (BNL) in nuclear emulsion with a 4=
configuration. In order to compare our high en-
ergy data with the low energy [2], we selected
the same observables of the fragment distribu-
tions at the same energy deposition of these two
beams. There are slight differences in the values
of some of the observables. For better under-
standing of the multifragmentation mechanism
and disentangling various available models pro-
posed for multifragmentation, we will compare
various observables in the two beams and with
the predictions of statistical [5,6] and percolation
[9,10] models by using for the input the size and
excitation energy values of fragmenting source
of low energy experiment as discussed in Refs.
[2,6].

By following along the primary tracks of 1*7Au
jon at 10.6A GeV from BNL (Experiment No.
875) in a freshly prepared stack of Fuji emul-
sions, we observed about 1500 nuclear interac-

tions within the first few cms. For the present
analysis, we selected 1097 peripheral events hav-
ing at least one projectile fragment of charge
Z > 2. In each event, the charges of the PFs
were determined by a combination of several
methods, which included grain, gap and §—ray
density and for very heavy fragments the tech-
nique of relative track width [11] was used. For
a 6—ray count, each track length followed was
more than 0.5¢cm. The §—ray density measure-
ments for fragments up to Z = 20 are shown
in Fig. 1(a). At high energy, spectator protons
from the projectile in their peripheral collisions
are produced in an angle fpr = 10 given by
the Fermi momentum. Alpha particles are by far
the most abundant fragments and are relatively
easy to recognize from the grain density mea-
surements in emulsion. From é—ray count, we
determined the charges of PFs of 3 < Z2 <20 as
shown in Fig. 1(a), with a charge resolution of
about 0.5 charge units (cu) for 3< Z < 7,0.75
cufor 8< 2 <12, 15cufor13 <2 <202
cu for 20 < Z < 40 and 3 cu for Z > 40. In
Fig. 1(b) is shown the charge distribution of all
the PFs from Z = 1 to 78 and this distribution
follows an inverse power law with an exponent
value of 7 = —2.74+ 0.1l upto 1 < Z < 24.
In drawing Fig. 1(b), we have eliminated all the
fission events which are only < 1%.

At high energy, it is easy to distinguish be-
tween spectator proton tracks from the projec-
tile nucleus and those from the target nucleus in
emulsion. Information about the impact parame-
ter and energy deposition for individual collisions
may be achieved through a variety of techniques.
For example, Hubele et al. [2] employed a new
parameter Zyouna related to the size of the pro-
jectile spectator (i.e., Zbound = 2732 2n(Z),
where n(Z2) is the multiplicity of different frag-
ments of charge Z). This quantity is a measure
of the bound charge in a cluster with Z > 2 and
is complementary to the number of Z = 1 parti-
cles (N,) which we used in Refs. [11] and {12].
The nearly linear relation observed between Np



and Zyound indicates that the larger value of N,
corresponds to a smaller value for Zyound and to
the larger violence of collision with a larger en-
ergy deposited in the excited spectator. Thus, a
weak anticorrelation is expected for peripheral in-
teractions. At still higher excitation, the projec-
tile totally disassembles into light fragments such
as a-particles and nucleons. The correlation be-
tween Zmaz and Zpoung within an event in a
three dimensional representation is given in Fig.
1(c) data showing the frequency of different frag-
ments. For smaller impact parameter, the inten-
sity where only one fragment (Zynaz = Zhound)
is observed is strongly reduced while for large im-
pact parameter, the intensity of single fragment
(Zmaz = Zpouna) is relatively large. Fig. 2(a)
shows a scatter plot of the correlation between
Zmaz a5 wWell as < Zngz > VS, Zpound for the
whole data set. Zn,- gives some insight into
how the projectile breaks apart. By definition,
Zyound is always larger than or equal to Zpay
with the result that all the points are located
on or below the diagonal. Any symmetric fis-
sion group should appear near Z,,,; ~ 40 and
Zhound = T9. From the correlation between the
impact parameter and the number of protons Np
[12] (or Zbouna here) one can infer that, in gen-
eral, larger and smaller Zy,ung events are asso-
ciated with peripheral and midcentral collisions,
respectively. Data points plotted on the diago-
nal (shown by a solid line) correspond to events
where only one large fragment is present. For
peripheral collisions (i.e., for large Zpouna), most
of the Z .4z is found near the diagonal. Here at
least two fragments are present, but most of the
charge is contained in one of them. The farther
the data point is from the diagonal, the more
equally is the charge of the remaining projectile
distributed between different fragments. In Fig.
2(a) is also shown the distribution of < Zpar >
vs. Zpound for this experiment with statistical
errors as well as for Ref. [2] along with the the-
oretical predictions of statistical [5, 6] and also
percolation models with the details given in Ref.

[2] for the model discussed in Ref. [9]. For spe-
cific Zbouna in the region 40 < Zyound < 70, the
values of < Zmaz > are lower than for Ref. {2],
showing a possible dependence on the incident
energy. For lighter charged particles, Z < 4,
included by Ref. [2] in Zyouna, the acceptance
of the ALADIN spectrometer used in their mea-
surements of Ref. [2] was less than unity for
charged particles with Z < 4 [2], however. Thus
some shift in the dependencies of < Zmar >
and the other quantities in Fig. 2 upon Zysund
to lower values of Zpouna May be expected for
the measurement at the lower incident energy.
At the values of Zpoung ~ 60, a rapid de-
crease of < Zmuz > is observed. Here, the
total charge is more equally distributed among
two or more fragments and multifragmentation
emission becomes the dominant process, where it
may be associated with the formation and decay
of very hot nuclei. For smaller impact parame-
ters, Zmaz/Zbound decreases and more charge is
carried by the other fragments.

In Fig. 2(b) and 2(c), we piot the average
two body asymmetries < AS > and < AS1 >
vs. Zpound, Where < AS >=< (Zmaz1 —
Zmazz)/(zmazl -+ ZmazZ) > and < AS1 >=<
(Zmas2 — Zmaz:l)/(zmc=2 + Zmaz3) >, and
Zmaz1s Zmaz2z and Zpmazs are the first, second
and third largest fragments, respectively in each
event. In Fig. 2(b), the two body asymmetry
with large Zyouna, < AS >= 1 decreases with
the decrease of Zypouna (more violent collisions),
while the relative asymmetry in the second and
third charges, as shown in Fig 2(c) is almost con-
stant at < AS1 >= 0.25 for a large range of
Zbound- In this figure, we show our data along
with those of Ref. [2] and also the predictions
of theoretical model calculations for low energy
beam [2]. For lower Zpouna (< 40), our data
points are lower than for Ref. [2]. The IMF emis-
sion with charge 3 < Z < 30 involves a breakup
process. In Fig. 2(d) is shown the distribution
of < Nimr > as a function of Zpouna for all
the emulsion targets (i.e. N > 0), where Nj is



the number of grey and black tracks produced in
the interactions with the emulsion nucleus [12].
The average value of < Nryp >= 2.68 £0.10
with a peak value of < Nypyp >= 3.65 £ 0.82
at Zpounda = 42. Along with the present data
are shown the work of Hubele et al. [2] and
the predictions of theoretical models. However
at the lower energy, both the overall distribu-
tion for < Nrpmp > and the peak location are
shifted to lower Zyouna values than are observed
for the high energy data, thus showing a possible
incident energy dependence. The Nipr emis-
sion increases with the increase of Zyoung due to
the production of higher charge fragments and
charge conservation. Events with Nyppp = 7
are observed in this data sample. The corre-
lation of < Nymr > and Zyue With Zhound
reflects the size of the decaying system. In or-
der to see the monotonic relationship between
< Nipr > and Zpouna as a function of the
target size, we separated the events interacting
with light H, CNO (N, < 8) and heavy Ag, Br
(Ny, > 8) targets [11]. We find that the experi-
mental points with light and heavy targets show
a universal behavior and the underlying mech-
anisms responsible for the magnitude of Nrar
and Zyouna are strongly correlated. This correla-
tion is determined by the excitation energy of the
primary projectile, which is exhibited uniquely
through the number of N, = Zo— Zbound, Where
N, is the number of spectator protons from the
projectile and Zo = 79. This conclusion is sup-
ported by our previous work [12] and of others
[1,2] with different targets and projectiles at dif-
ferent energies. Thus, the collision dynamics
has a negligible effect on the correlation between
Niamr and Zyouna. From Fig. 2, we find that in
spite of huge differences in their incident ener-
gies, detection techniques and different targets,
only small differences in their identical fragment
distributions are observed. A large energy differ-
ence between the two 1°7Au beams is exhibited
through the production of the average multiplic-
ity of Helium isotopes, i.e., < N, > asa function

of Zound shown in Fig. 3(a) when compared
with the low energy data as reported in Ref.
[6]. We have observed events with N, = 16.
The peak value of < N, > is roughly double
that measured with the ALADIN spectrometer
at E/A = 600 MeV [6]. However, since the
acceptance of the ALADIN spectrometer is con-
siderably less than unity for a—particles, it is not
clear to what extent the a—multiplicities actu-
ally differ. We note that our a—multiplicities
are similar to those obtained in other emulsion
measurements at comparable energies [13].

As Zyound is related to the excitation energy
of the projectile and hence to the violence of the
collision in the formation of Nrayr, we have di-
vided Zpoung into three different groups: L;, L.
and L3 for 2 < Zpound < 26, 27 € Zpound < 55
and Zpouna > 56, respectively. In Fig. 3(b),
we show the normalized frequency distribution
of Nipmp for the three different groups; L and
L, behave almost identically with < Nyyp >=
1.61 &+ 0.13 and 2.07 £ 0.12, respectively, but
medium group L, has < Niyr >= 298+ 0.18
and is different from L, and L3 groups. Simi-
lar behavior was also observed in 8*Kr and 238U
beams [12]. The average values of the total
charge < £Z > of all PFs with Z > 3 for L,,
L, and L3 are &, 28 and 60, respectively.

We have observed that the multifragmenta-
tion process follows a power law behavior and
this law has also been observed in the cluster-
ing size distribution in the percolation models
[9,10]. Campi [10] has suggested the method
of moments correlation as a tool to discrimi-
nate beteween different fragmentation mecha-
nisms. Following him we studied the charge dis-
tributions by the event-by-event moments. We
find that Zpouna is strongly correlated with So,
where So = £Z, and the sum runs for all the
fragments minus the largest charge fragment.
This is shown in Fig. 4(a) and the percola-
tion model exhibits the same kind of correlation
[10). The second moments [10] are defined by
S} = £2%n/(Z), where n7(Z) is the multiplic-



ity of different fragments in the jth event. The
sum runs over all fragments excluding the heav-
jest one produced in the event and is normal-
ized by Zo = 79. Campi has investigated the
conditional moments of the fragment size distri-
bution. Plotted in Fig. 4(b) is the charge of
the largest fragment In Zpnaz vs. the normalized
second moment < InS; > (excluding the largest
charge) for three different groups of Zyound (L1,
L; and Lj3). According to percolation model
(for critical behavior), such a plot should give
rise to two branches: one from simultaneous
breakup and the other from sequential decay,
both of which are observed here. The events
with highest multiplicity are in the lower branch
(Zbouna < 26) with low Z,q;, while events with
the lowest multiplicity (Zyoung > 56) are asso-
ciated with the upper branch with a high value
of Zmaz. Events with 26 < Zpoung < 56 lie
in between both the branches. In order to ob-
tain a better insight into the shape of the frag-
ment size distribution through Zpound, we exam-
ined the average behavior of the relative variance
< 2 >= 8250/52 vs. Zpouna- This is shown in
Fig. 4(c) for different Zpoyna, with < 2 >= 1.5
near Zyouna = 60. Here, the singly charged par-
ticles have been excluded. If all the fragments in
an event have the same size, then 2 will reach
its lower limit of 7, = 1. Our data approximately
coincide with 197Au beam data [2] at 600A MeV
for lower value of Zpouna(< 50) and are also re-
produced by the predictions of theoretical mod-
els [6,9,10] but the peak value of < vy2 > and
its distribution beyond Zyounda > 50 is different,
thus showing the effect of their projectile energy
differences. The form of the curve in both the
beams is the same proving once again that the
same mechanisms are responsible for fragment
production.

We conclude that multifragment emission is a
dominant decay channel of the projectile 1978y
at 10.6A GeV, which peaks at Zyound = 42. The
universal dependence of < Nyipp > on Zyound
suggests that Zyouna is related to the excitation

energy of the projectile spectator. This is exhib-
ited from simple evaporation to the total disinte-
gration of the nuclear system irrespective of the
projectile incident energy as well as the target
size. Fragment size distribution exhibits simi-
lar features to those known in percolation mod-
els. The universal dependence of < Nypyp >
on Zyound Suggests the establishment of a ther-
malized source in '°7Au induced reactions. In
spite of the huge differences in their (i) incident
energies, (ii) detection techniques and (iii) dif-
ferent targets, nearly identical fragment distri-
butions are observed (for Z > 3) and are also
reproduced through the calculations of statisti-
cal [6] and percolation [2, 9, 10] models.
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Figure Captions

1 (a) Frequency distributions of §—rays of
the PFs of 3 < Z < 20 in nonfissile 1°7Au
events. Dashed cureves are free hand drawn
for the most probable value. (b) Frequency
distribution of the PFs of all charges for

Z = 1~ 78 for the whole data set used .
Solid curve is a power fit to the data points
up to Z = 24 (see text). (c) Correlation be-
tween the maximum charge Z,,,, observed
within an event for fixed values of Zpound
in a three dimensional representation.

Fig. 2 (a) Scatter plot of Zy,z as a function

of Zpouna for the whole data sample-with..
diagonal as a solid line. Solid points (e) rep-
resent a plot of < Zez > and Zyound. ()
points for Ref. [2] and (W) correspond to
the predictions of statistical [6] and (T) per-
colation [2,9] models. {b) < AS > versus
Zbound- () < AS1 > versus Zpounda. For
the definitions of < AS > and < AS1 >,
see text. (d) The average number of frag-
ments < Niyr > as a function of Zyound
for events with: (i) Ny > 0 (e), (ii) Nr < 8
(A) and (iii) Nn > 8 (A), (iv) Data (o)
from Ref. [2] at 0.6A GeV. (v) Data com-
pared with the calculation of statistical (W)
and percolation (0) models. (o) Ref. [2].

Fig. 3 (a) The average muitiplicity of Helium

isotopes < N, > as a function of Zyouna
(#). (b) Normalized frequency distributions
of the fragments < Nypr > of charges
3 < Z < 30 for different values of Zyound.
Symbols used here are for: Ly (+), Lz (*)
and L3 (o) groups. Dashed curves in this
figure are drawn to guide the eye.

Fig. 4 (a) Correlation between Sp and Zpound.

(b) A variation of In Zyaz 2s a function of
< In S, > for three groups of Zpouna. (€)
< 4z > versus Zyound- This experiment
(o). (o) experiment of Hubele et al. [2] and
compared with the calculation of statistical
(m) [6] and percolation (1) models [2,9].
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