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Angular Distributions anti Mechanisms of Fragmentation by Relativistic Heavy Ions
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Angular distributions of massive fragments from relativistic heavy-ion interactions are re-
ported. Sideward peaking is observed for the light fragment Ar, from 25-GeV ' C+Au,
while the distribution for "Xe is strongly forward peaked. Conflicts of these observations
and other existing data with predictions of models for the fragmentation process are dis-
cussed.

PACS numbers: 25.70.Np, 25.40.Sc

Although it has long been known that light frag-
ments (Af & 50) are produced copiously in high-
energy hadron interactions with heavy nuclei, the
underlying mechanism or mechanisms remain poor-
ly understood. Multiplicity data' show that these
fragments are produced in very violent events.
Models for the process range from a hot nuclear
fireball to a cold "cleavage" mechanism. Hydro-
dynamical calculations indicate different origins for
the very light products ('H, . . . , He) and the
heavier fragments. The latter are identified as resi-
dues of relatively undisturbed, spectator parts of
the target.

Increased interest in fragment production has
been stimulated by the observation of Hirsch et al. 5

that fragment yields from 80-350-GeV 'H interac-
tions with Kr and Xe follow a power-law depen-
dence on fragment mass. This was interpreted as
the characteristic signature of a mechanism involv-
ing a liquid-gas phase transition near a critical point
in nuclear matter. Although differing in details,
similar models retain the idea of a phase transi-
tion under conditions of thermal and chemical
equilibrium. An identical power-law dependence
has been reported for fragment production by rela-
tivistic heavy ions (RHI).

Proponents of phase transitions have focused on
yields and energy spectra, largely ignoring angular
distributions which provide important clues to reac-
tion mechanisms. An interesting feature of the
data for incident 'H is the transition from forward
to sideward peaking at energies & 10 GeV. " For
some products, intensities at —0' become lower
than those at —180'.' ' Analyses of double-
differential cross sections indicate that there is no
clean temporal separation of the fragment-for-
mation process from the initial excitation
step 9 14 16

Angular-distribution data for RHI projectiles are
very limited, particularly for heavier fragments.
The counter study of Warwick et al. ' included an-
gular distributions for Z = 8 fragments for 'H, He,

Ne incident on Au. Morita et al. ' reported angu-
lar distributions for some heavier products from the
interaction of ' C with Au and U; however, there
were experimental problems due to low beam inten-
sities. This Letter reports the first definitive angu-
lar distributions for heavy fragments from RHI in-
teractions. The new measurements employed tech-
niques developed for the assay of low levels of ra-
dioactivity in lunar samples. '8 Amenable species
are Ar, a typical light fragment, and ' Xe, a deep
spallation product. The experiment utilized an eva-
cuated cylindrical scattering chamber (38.6 cm long,
19.7 cm diam) at the Lawrence Berkeley Laboratory
Bevalac. The 25-GeV ' C beam passed along the
axis of the cylinder, entering and exiting through
6.1-cm-diam Mylar windows. A 200-p, g/cm Au
target inclined at 45' to the beam was supported at
the center of the chamber which was lined with two
layers of 21 mg/cm2 Al foil. The primary catcher
was sufficiently thick to stop recoils ~7 MeV/u.
The second was used to evaluate blanks. Au, vacu-
um deposited on Al foils downstream from the exit
window, served as a beam monitor. Relative to the
(17.1 + 2.7) mb cross section'9 for ' 7Xe, the cross
section for Ar is (6.6 + 1.0) mb and we infer that
(4.4 + 0.7) x 10'3 ' C ions passed through the
chamber during the —30 h irradiation. The Ar-
to-' Xe cross-section ratio is twice as large as that
reported for 28-GeV 'H confirming that ' C is
relatively more effective in producing lighter frag-
ments. '

After irradiation, the catchers were cut to sample
the angular distribution at nine angles from 18 to
162' with + 9 resolution. Azimuthal angles were
limited such that mean recoil paths in the target
were ~ 150 p, g/cm . Two samples were obtained
at 90, one from the backward catchers, the other
from the forward ones. Assay methods for ~Ar

and ' 7Xe have been described. ' Each foil was vac-
uum melted in the presence of Ar, Kr, and Xe car-
riers, and the noble gases were separated chromato-
graphically on charcoal columns using He as a car-
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rier. After cleanup over hot V, the Ar and Xe frac-
tions were transformed with added P-10 into small
proportional counters. Earliest assays started —5 d
after the end of irradiation and continued for about
four months. While not all samples could be count-
ed for this full period, sufficient data were acquired
to examine decay and background effects in detail.
Rates varied from a low of 38 counts/d for the 18'

Ar sample to a high of 309 counts/d for ' Xe at
72'. ' Xe was assayed with an energy window en-
compassing the E and L Auger and conversion-
electron peaks giving —70% efficiency and back-
grounds of —2-3 counts/d. Ar was assayed with—54% efficiency and —1 count/d background
with a window on its E Auger peak. Data were
analyzed to give end-of-irradiation activities which
were corrected for chemical yields, counting effi-
ciencies, and solid angles determined from catcher
areas and chamber geometry. Single-differential
cross sections are shown as filled points in Fig. 1.
The relatively larger errors for Ar reflect the
lower cross section and counting efficiency as well

as corrections for activation of impurities in the
catchers. Blanks were 12% and 7%, respectively, for
18' and 162' catchers which were closest to the
beam. Uncertainties equal to 50% of the blank
corrections are included in the error bars. No signi-
ficant blanks were observed for ' Xe. The open
points for each nuclide at 54' are for a part of the
catcher which sampled long recoil paths in the tar-
get (a mean of 294 p, g/cm compared to 125
p, g/cm in the normal sample). Agreement be-
tween open and filled points and the agreement at
90' indicate no major distortion due to scattering or
absorption. Improper evaluation of such effects
may be one source of serious errors in the results of
Morita et al. ' We see no evidence for the more
than a factor of two rise in do-/d 0 between 72 and
23' which they reported for products comparable to

Ar and ' 'Xe.
Figure 1 gives the first clear evidence for the oc-

currence of sideward peaking in RHI-induced frag-
mentation. The data for Ar also suggest a slight
preference for backward emission. At 18', d o./d 0
is 0.88+0.09 of that at 162' and the integrated
forward-to-backward ratio is F/B = 0.98 + 0.02.
Sideward peaking is not apparent for lower-mass
(Z=8) fragments from 2 Ne+Au at 42 GeV. '

However, an onset or enhancement of sideward
peaking between Z = 8 and 18 is consistent with the
trend observed for 28-GeV 'H. 9 Such parallelisms
between 'H and RHI-induced fragmentation sug-
gest that the mechanism is not sensitive to projec-
tile size.
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FIG. 1. Angular distributions of fragments from the
interaction of energetic projectiles with Au. Points for

Ar and ' Xe are from the present study with 25-GeV
"C ions. The solid curves show general trends. For
comparison, results from Ref. 13 for incident 28-GeV 'H

are shown as dashed curves.

The angular distribution of the deep-spallation
product ' Xe is strongly forward peaked. Its F/B
ratio, 2.02+ 0.04, is greater than the 1.53 + 0.02 of
the comparison product ' 'Ba, suggesting a larger
momentum transfer from ' C. The very different
angular distributions of Ar and ' Xe confirm the
conclusion of Warwick et al. ' that light fragments
and deep-spallation products are not complementa-
ry; the light fragments are formed in the most
violent events (as measured by associated charged-
particle multiplicities) while the deep-spallation
products are formed in less violent processes with
about one-half the associated multiplicity. The
seeming paradox that the higher-multiplicity prod-
uct, 7Ar, appears to arise from a nearly stationary
source is discussed below.

The present results and related data serve to con-
strain various models of fragmentation. In hydro-
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dynamic models, "bounce off" of projectile rem-
nants and collective flow of the participating nu-
cleons to one side for nonzero impact parameters
cause the relatively undisturbed parts of the target
to move in the opposite direction at angles slightly
forward of, or near, 90'. One-fluid calculations4 for

Ne+U at 400 MeV/u indicate sideward peaking
for a wide range of residue masses. The present
results for Ar are consistent with such predictions;
those for ' Xe are definitely not, suggesting a
failure of the hydrodynamic assumptions for large
impact parameters. Another problem for hydro-
dynamics is the strong similarity of results for 'H
and ' C ions. It seems unlikely that a projectile as
small as a 'H will initiate the same sort of collective
flow as a ' C or Ne ion.

In the cold "cleavage" model, impact parame-
ter, size, and opening angle of the hole bored
through a heavy nucleus by a projectile determine
the course of the fragmentation process. Sideward
peaking is the result of the dominance of Coulomb
repulsion between a light fragment and a heavy
residue over forward-momentum transfer and an
isotropic component due to Fermi motion. The lack
of complementarity between light and heavy frag-
ments observed in the present work and in counter
experiments conflicts with the implicit binary na-
ture of cleavage. Furthermore, one might expect
the opening angle of the hole to increase with de-
creasing energy, moving fragments to angles fur-
ther behind 90', but this is the reverse of the ob-
served trend. '

Production of an extended region of hot nuclear
matter in thermal and chemical equilibrium is a
requisite of phase-transition pictures of fragment
formation. Our angular distribution for Ar
gives no evidence for the forward-momentum
transfer expected in the excitation step of such a
process. However, forward-momentum transfer is
inferred from counter' and thick-target thick-
catcher experiments. ' This conflict between angu-
lar distributions and velocity or multiplicity mea-
surements is indicative of a fast-reaction mecha-
nism as has been discussed for incident 'H. '~' It
casts doubts on whether sufficient time is available
to achieve equilibrium conditions prior to a phase
transition. Boal has questioned the uniqueness of
the power-law signature and has shown that this
mass dependence of yields can be reproduced by a
fast-coalescence mechanism on a time scale of—4x10 sec. He concluded that the nuclear-
interaction region involved in intermediate-mass
fragment emission is too small and too short lived

to support a sharp phase transiton.
In conclusion, this paper has reported the first

definitive angular distributions of massive frag-
ments formed in RHI interactions. The sideward
peaking observed for Ar supports the idea that
fragmentation is a global process not strongly
dependent on projectile mass. Theories which focus
on one type of projectile or a single aspect of the
process often fail to reproduce others. A more
comprehensive approach is needed.
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