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Abstract
The production of intermediate rapidity complex fragments up to A=14 from
the reactions of Ar incident on Au and Ca targets at 92 and 137 MeV/nucleon
has been described using the cpalescence model. The resulting coalescence
radii are independent of observed fragment mass which indicates that these
fragments are emitted from a common source. Extracted interaction region

radii agree with recent light particle correlation results.



The origins of light nuclei observed at intermediate rapidities from high
energy nucleus-nucleus collisions are much less well understood than the emis-
sion of nucleons. The relative production cross sections and energy spectra
of these fragments may carry signaturés of various phenomenavsuch as liquid-

gas phase transitions1’2 or information concerning the state of the emitting

3-8

system at different times during the evolution of the reaction. The

production of light nuclei has been described in terms of the coalescence

model,g—H chemical equilibrium models,m—13

_tions,w’15

and hydrodynamics coupled with thermal decay.7 The most
successful is the coalescence model which has been applied to light particle
spectra from nucleus-nucleus collisions ranging in incident energy from 9

MeV/nucleon to 2 GeV/nucleon.g—”’16

For the first time we have applied this
model not only to light particles (d,t,>He,“He) but also to complex fragments
(6sAs14) from intermediate energy nucleus-nucleus collisions.5 Surprisingly

d.by this model is found to-hold for frag-

intranuclear cascade calcula--

™

_the simple scaling relati

ments up to A=14., The extracted coalescence radii are independent of the
observed fragment and incident energy and the interaction volume deduced from
the ¢tcoalescence radii agree with recent particle—pérticlé correlation
si:,uclies.w—19

In this model, composite fragments emitted from high energy nucleus-
nucleus collisions are formed when nucleons are emitted close together in
phase space. Nucleons within a specified momentum radius, Pos ére assumed to
coalesce into light nuclei while the rest are emitted as free nucleons. With

the assumptions that the density of nucleons is considerably less than normal

nuclear density, the proton and neutron spectra are identical in shape, and
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the formation of light nuclei does not significantly deplete the original
nucleon distribution, a simple scaling law is obtained where the composite
fragment cross sections are obtained by raising the proton 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 be satisfied.

The scaling relationship can be expressed as
A
3 3y 3 3
E,(d%0,/dp?) C,LE (d 0,/dp3) ] (n

where A is the fragment mass number, d’ap/dp; and dSoA/de are the proton and
complex fragment momentum spacé densities respectively at the same velocity,
E_ and EA are the proton and fragment total energies respectively, and CA is
the sca.ling factor. The coalescence radius can be expressed :51:311

1/(A-1) (2)

p03=(3moo/lhr)[CA{(Zt+Zp)/(Nt+Np) }NAZN!Z!]
where N, Nt’ and Np are the fragment, target, and projectile neutron numbers
respectively, Z, Zt’ and Zp ar'e‘the fragment, target, and projectile proton
numbers f'espectively, m is the nucleon rest mass, and o, is the geometric
reaction cross section with r,=1.2 fm.

The data we wish to describe usiné 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 example of the complete angular distribution of spectra for 7Be is
given in Fig. 2. The solid lines in both figures represent the proton energy
spectra at the same énergy/nucleon in the laboratory 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 reaction using Egs. (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 independent 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+—Statistiecally—the—values—from-both-energie

s—-for—each-target—ecan-be—
described by one value of the‘coalescence radius, p,=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 set of parameters within a thermal model
f‘r'amework.5

One can relate the extracted coalescence radius to the rms radius of the
interaction zone between the target and projectile nuclei, R, using the fol-

lowing formulation12



_ (Z!N!)1/(A-1)[9h3/16“2§o3] (3)

where P, is the reduced coalescence radius defined as12

5,0 - {[2A./[A3(2SA+1)]1/(A—1)}p°3 (1)
and SA is the ground state spin of the fragment. The interaction radii are
shown in Fig. 3 along with the coalesceﬁce radii as a function of observed
fragment mass number. The radii are statistically consistent with a constant
value of H.S:fm and 4.7 fm for Ar+Ca and Ar+Au respectively although the trend
for the heavier fragments is toward smaller radii. Thué the two systems ap-
pear 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 ex-

. tracted using light particles decrease with increasing mass as was observed in

Ref. 11. However this decrease does not continue with heavier masses and im-
plies 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
r'esults19 for 400 MeV/nucleon Nb+Nb and Ca+Ca using the Plastic Ball. 1In that
work the interaction 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 R = 5 fm for Nb+Nb. Because the present analysis deals with complex frag-

ments emitted at intermediate rapidities, the results must be biased toward

central collisions and indeed the interaction 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 measur'ement18 for 25 MeV/nucleon

O+Au obtained R = 4 fm while a two pion correlation measur'ement17
GeV/nucleon Ar+KCl yielded R=4.93 + 0.44 fm.

In summary we have found that not only can the production of light nuclei
frbm high energy nucleus-nucleus coilisions described by the céalescence model
but that intermediate rapidity complex fragments up to A=14 can be described
as well. The resulting coalescence radii are independent of fragment mass and
lead to values of the radii of the interaction volume that agree with the
results of two-particle correlation measurements. Measuring these fragments
is much like’performing a multi-particle correlation experiment except that

both charged particles and neutrons bound in the fragments are included and

only inclusive cross sections are measured. The extracted interaction volumes

for 1.5

TN

for Ar+Ca and ArtAu are ne;:

participant geometry which predicts that the two cases should be different by
a factor of 2. | '
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Figure Captions
Fig. 1. Double differential cross section for fragments from 137 MeV/nucleon

5 Not all the fragments are shown. The solid lines cor-

Ar+Au at 30 and 90°.
respond to coalescence model fits as described in the text.
Fig.rz. Double differentiéi cross sections for 137 MeV/nucleon Ar+Au leading

5 The solid lines are coalescence model fits as described in the text.

to "Be.
Fig. 3. a) Coalescence radii, pP,,» for Ar+Ca, b) coalescence radii for Ar+Au,
¢) interaction volume radii, R,for Ar+Ca, d) interaction volume radii for

Ar+Au. Circles and crosses represent the 137 and 92 MeV/nucleon incident

energies cases respectively.
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