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Coalescence of complex fragments
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The production of intermediate rapidity complex fragments up to 2 =14 from the reactions of Ar in-

cident on Au and Ca targets at 92 and 137 Me&/nucleon has been described using the coalescence model.
The resulting coalescence radii are independent of observed fragment mass which indicates that these frag-

ments are emitted from a common source. Extracted interaction region radii agree with recent proton-

proton correlation results.

The origins of light nuclei observed at intermediate rapidi-
ties from high energy nucleus-nucleus collisions are much
less well understood than the emission of nucleons. The re-
lative production cross sections and energy spectra of these
fragments may carry signatures of various phenomena such
as liquid-gas phase transitions' or information concerning
the state of the emitting system at different times during the
evolution of the reaction. The production of light nuclei
has been described in terms of the coalescence model,
chemical equilibrium models, ' ' intranuclear cascade calcu-
lations, '~' and hydrodynamics coupled with thermal decay.
The most successful is the coalescence model which has
been applied to light particie spectra from nucleus-nucleus
collisions ranging in incident energy from 9 MeV/nucleon
to 2 GeV/nucleon. "' For the first time we have applied
this model not only to light particles (d, t, 3He, 4He) but also
to complex fragments (6~ A ~ 14) from intermediate en-

ergy nucleus-nucleus collisions. Surprisingly, the simple
scaling relation predicted by this model is found to hold for
fragments up to A = 14. The extracted coalescence radii are
independent of the observed fragment and incident energy
and the interaction volume deduced from the coalescence
radii agree with recent particle-particle correlation stud-
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In this model, composite fragments emitted from high en-
ergy nucleus-nucleus collisions are formed when nucleons
are emitted close together in phase space. Nucleons within
a specified momentum radius po are assumed to coalesce
into light nuclei while the rest are emitted as free nucleons.
With the assumptions that the density of nucleons is consid-
erably less than normal nuclear density, the proton and neu-
tron spectra are identical in shape and the formation of light
nuclei does not significantly deplete the original nucleon dis-
tribution, a simple scaling law is obtained ~here the compo-
site fragment cross sections are obtained by raising the pro-
ton cross section to the power of the fragment mass number
A. Invariably the simple scaling predicted by this model has
been observed for light particles in spite of the fact that one
or all of the preceding assumptions may not be satisfied.

The scaling relationship can be expressed as"
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and C~ is the scaling factor. The coalescence radius can be
expressed as"

p() = (3mao/4m) ICg [(Z,+ Zp)/(X, + X )]~2~%(Z)}'~("

(2)
where X, X„and %p are the fragment, target, and projectile
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where A is the fragment mass number, d3o., /dp, ' and
d'a& /dp&3 are the proton and complex fragment momentum
space densities, respectively, at the same velocity, E~ and
Eq are the proton and fragment total energies, respectively,

FIG. 1. Double differential cross section for fragments from 137
MeV/nucleon Ar+Au at 30' and 90' (Ref. 5). Not all the frag-
ments are shown. The solid lines correspond to coalescence model
fits as described in the text.
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neutron numbers, respectively, Z, Zt, and Z~ are the frag-
ment, target, and projectile proton numbers, respectively, m

is the nucleon rest mass, and o-o is the geometric reaction
cross section with ro= 1.2 fm.

The data. we wish to describe using this formulation are
energy spectra of light particles and complex fragments from
the reactions of 92 and 137 MeV/nucleon Ar+ Ca and Au. 5

Representative energy spectra at 30 and 90' for Ar+Au
are presented in Fig. 1. The different symbols represent the
observed energy spectra for a given particle. The angles and
particles that are not shown follow the trends demonstrated
by the angles and particles shown in this figure. An exam-
ple of the complete angular distribution of spectra for 78e is
given in Fig. 2. The solid lines in both figures represent the
proton energy spectra at the same energy/nucleon in the la-
boratory raised to the Ath power as described above. The
normalization of each curve is the same for all angles for a
given particle and leads directly to the extraction of the
coalescence radius for that particle from each type of reac-
tion using Eqs. (1) and (2). The resulting coalescence radii
are plotted in Fig. 3 as a function of fragment mass for two
incident Ar energies, 92 and 137 MeV/nucleon, and two
targets, Ca and Au.

In Fig. 3 one can see that the coalescence radii are in-
dependent of the fragment mass and, within errors, the
coalescence radii are constant with fragment mass although
there is an apparent trend toward higher values above
A =8. Statistically the values from both energies for each
target can be described by one value of the coalescence ra-
dius, @0=157.2 MeV/c for Ar+Ca and 154.7 MeV/c for
Ar+ Au. This constancy can be interpreted as evidence that
these fragments are all emitted from a common source and
is in agreement with the result of single moving source fits
where these fragments were also described with a consistent

r IOO

O

l80—

I40—

IOO

(a)

Cc)

(d)l (

ii
,', i'„
iC

ice. ( q(4

l(

ai: q C

I I I I I I I I I I I I I

, 'ee B7 Mev/NUCLEON Ar+Au FIG. 3. (a) Coalescence radii po for Ar+Ca, (b) coalescence ra-

dii for Ar+Au, (c) interaction volume radii R for Ar+Ca, (d) in-

teraction volume radii for Ar+ Au, Circles and crosses represent
the 137 and 92 MeV/nucleon incident energies cases, respectively.

4J -5~ lo

a
b

M Io
IIO

l00 200 300 400 500 600
ENERGY (MeV)

FIG. 2. Double differential cross sections for 137 MeV/nucleon
Ar+Au leading to ~Be (Ref. 5). The solid lines are coalescence
model fits as described in the text.

set of parameters within a thermal model framework. 5

One can relate the extracted coalescence radius to the rms
radius of the interaction zone between the target and projec-
tile nuclei R using the following formulation

/3= (Z!~~) t't" t&(9/73/$6772PlI)

where po is the reduced coalescence radius defined as'2

P(= ([2"/[rf'(2S +1)]"'"-"}p'
and S& is the ground state spin of the fragment. The in-
teraction radii are shown in Fig. 3 along with the coales-
cence radii as a function of observed fragment mass
number. The radii are statistically consistent with a constant
value of 4.5 and 4.7 fm for Ar+Ca and Ar+Au, respec-
tively, although the trend for the heavier fragments is to-
ward smaller radii. Thus, the two systems appear to have a
similar number of participant nucleons despite the fact that
a participant-spectator geometry calculation predicts that the
impact parameter averaged interaction volumes should
differ by a factor of 2. The radii extracted using light parti-



706 B. V. JACAK, D. FOX, AND G. D. WESTFALL 31

cles decrease with increasing mass as was observed in Ref.
11. However, this decrease does not continue with heavier
masses and implies that the extraction of interaction volume
radii using this formulation must include. .complex fragments
as well as light particles.

The present results for interaction volume radii agree
roughly with the results' for 400 MeV/nucleon Nb+Nb
and Ca+ Ca using the Plastic Ball. In that work the interac-
tion volume was measured using two-proton correlations as
a function of the observed charged particle multiplicity.
However, the observed radius was almost constant above a
multiplicity of 10 with R = 4 fm for Ca+ Ca and 8 = 5 fm
for Nb+Nb. Because the present analysis deals with com-
plex fragments emitted at intermediate rapidities, the resu1ts
must be biased toward central collisions and indeed the in-
teraction volume is similar to that found using the high
multiplicity selected data in Ref. 19. Other particle correla-
tion measurements have yielded similar interaction radii for
multiplicity averaged data. A proton-proton correlation
measurement' for 25 MeV/nucleon 0+Au obtained
8 = 5 fm ( = 4 fm Gaussian) while a two pion correlation
measurement'7 for 1.5 GeV/nucleon Ar+ KCl yielded

8 = 6.0 +0.6 fm (4.9 +0.5 fm Gaussian).
In summary, we have found that not only can the produc-

tion of light nuclei from high energy nucleus-nucleus col-
lisions described by the coalescence model, but that inter-
mediate rapidity complex fragments up to A =14 can be
described as well. The resulting coalescence radii are in-
dependent of fragment mass and lead to values of the radii
of the interaction volume that agree with the results of
two-proton correlation measurements but are somewhat
lower than the pion-pion correlation results. Measuring
these fragments is much like performing a multiparticle
correlation experiment except that both charged particles
and neutrons- bound in the fragments are included and only
inclusiye cross sections are measured. The extracted in-
teraction volumes for Ar+Ca and Ar+ Au are nearly the
same, which argues against the spectator-participant
geometry which predicts that the two cases should be dif-
ferent by a factor of 2.
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