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Sideways-peaked angular distributions in hadron-induced multifragmentation:
Shock waves, geometry, or kinematics?
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Exclusive studies of sideways-peaked angular distributions for intermediate-mass fragments~IMFs! pro-
duced in hadron-induced reactions have been performed with the Indiana silicon sphere~ISiS! detector array.
The effect becomes prominent for beam momenta above about 10 GeV/c. Both the magnitude of the effect and
the peak angle increase as a function of fragment multiplicity and charge. When gated on IMF kinetic energy,
the angular distributions evolve from forward peaked to nearly isotropic as the fragment energy decreases.
Fragment-fragment correlation studies show no evidence for a preferred angle that might signal a fast dynamic
breakup mechanism. Moving-source and intranuclear cascade simulations suggest a possible kinematic origin
arising from significant transverse momentum imparted to the recoil nucleus during the fast cascade. A two-
step cascade and statistical multifragmentation calculation is consistent with the data.
@S0556-2813~98!50707-8#

PACS number~s!: 25.40.Ve, 21.65.1f, 25.70.Pq, 25.75.2q
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A longstanding puzzle in understanding interactions
tween GeV protons and heavy target nuclei is the obse
tion of sideways-peaked angular distributions for comp
fragments@1–3#. For incident energies below about 5 Ge
the inclusive angular distributions are forward peaked@4–6#
and can be accounted for as a superposition of two ave
sources: one that retains the memory of the incident be
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and a second that resembles a slowly moving equilibra
residue@7#, or a distribution of moving equilibriated source
@6#. In the incident energy interval between 5–10 GeV
transition from forward-to-sideways peaking develops in
angular distributions for intermediate-mass fragments~IMF:
35z&15!. At the same time, the IMF cross sections@8# and
deposition energy@9# become nearly independent of bom
barding energy and a distinct change in the character of
energy spectra is observed@5,8,10#, signaling the onset of
multifragmentation. In fact above about 5 GeV, the angu
distributions are the only IMF reaction observable that a
pears to exhibit appreciable sensitivity to beam energy.

Several interpretations of sideways peaking observed
the inclusive IMF studies of Refs.@1–3# have been proposed
Remsberg and Perry@1# noted that the peak in the IMF an
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gular distributions near 60° – 70° coincided with about t
same angle predicted for light particles ejected from
nuclear shock wave@11#. Fortney and Porile@2# accounted
for similar results in terms of a one-step mechanism base
a coherent flux model@12#. In contrast, Urbonet al. @3# ex-
plained their results with a two-step model involving a fa
cascade followed by decay of a hot residue. Wilkinset al.
@13# and Hüfner et al. @14# subsequently proposed that sid
ways peaking with GeV hadron beams could be underst
in terms of a nuclear cleavage model in which the lead
hadron creates a cylindrical low-density region in its wa
Large transverse momentum transfer and Coulomb fo
then act to focus the fragments transverse to the beam
More recently, coincidence studies in a planar geometry w
12-GeV protons@15# suggested that sideways peaking f
heavier IMFs was enhanced when a second IMF was
tected near 90° on the opposite side of the beam axis. It
suggested that this observation might be due to a fast m
fragmentation of a toroid-shaped residue, as predicted b
QMD calculation@16#.

Recent Boltzmann-Uehling-Uhlenback~BUU! calcula-
tions provide support for the possible role of dynamics
destabilizing heavy residues formed in central collisions
duced by GeV hadrons@17#. First, as the projectile and it
associated momentum front punches through the nucl
significant mass loss occurs, creating conditions favorabl
development of an acoustic-type shock wave with low co
pression (r/ro;1.3). Second, a significant depletion
nucleons in the nuclear core is predicted to evolve near
end of the fast cascade, creating a temporary bubblelike
ometry in the hot residue with density (r/ro&0.7), near the
spinodal region. How the cohesive nuclear forces respon
these rapid perturbations and whether sideways peaking
manifestation of such effects is a central question in dis
guishing between dynamically-driven and purely therm
multifragmentation. This question has also been exami
recently in the context of the intranuclear cascade mo
@18#. To this end, in this Rapid Communication we descr
exclusive 4p studies that provide the first opportunity to e
amine the sideways-peaking phenomenon as a functio
fragment correlation angles, multiplicity, charge, and kine
energy over a range of projectile energies spanning the t
sition region from forward to sideways peaking.

The experiment was performed with the Indiana silic
sphere~ISiS! 4p detector array@19# at the Brookhaven AGS
accelerator~E900!. Secondary positive beams of momentu
6.0, 10.0, 12.8, and 14.6 GeV/c and negative beams at 5.
8.2, and 9.2 GeV/c were incident on a 1.8 mg/cm2 197Au
target. Positive beams are associated with protons and n
tive beams withp2 projectiles. Identified light charged pa
ticles (1–3H and 3,4He isotopes! and IMFs up toZ&16 were
detected with the ISiS array, which consisted of 162 te
scopes containing gas-ionization chamber, silicon, and
detector elements. The telescopes spanned the angular
14° – 86.5° and 93.5° – 166°, corresponding to a solid an
coverage of about 70%. The energy acceptance forZ identi-
fication was 1.0<E/A<95 MeV. The hardware multiplicity
trigger required signals in three or more silicon detectors
the array. Results obtained with this minimum-bias trigg
are referred to as ‘‘inclusive’’ in this paper. Additional de
tails of the experiment are given in Ref.@9#.
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In Fig. 1 several qualitative features of the angular dis
butions are shown. Data are for carbon fragments, which
representative of allZ>5 fragments. While the sideways
peaking effect is small (;20%), it is a systematic feature o
the data. In the left-hand frame, the inclusive angular dis
butions are shown for 10.0, 12.8, and 14.6 GeV/c protons
and 5.0 GeV/c pions. The 5.0 GeV/c p2 data are similar to
those for 6.0 GeV/c protons and the two higher-momen
p2 measurements are intermediate between the 6.0 and
GeV proton results. The forward-to-sideways-peaked evo
tion of the angular distributions with beam momentum
apparent in Fig. 1. In the center frame, angular distributio
for carbon fragments gated on IMF observed multiplic
NIMF>4 are shown for the same incident conditions, i.
5.0 GeV/c p2 and 10.0, 12.8, and 14.6 GeV/c protons. Here
one observes the same systematic trend as the inclusive
with the peak shifted toward larger angles. In addition, wh
high multiplicity events are selected, a flattening of t
5.0 GeV/c p2 angular distribution develops.

In the right-hand frame of Fig. 1, angular distributions
14.6 GeV/c beam momentum are plotted as a function
observed IMF multiplicity. For NIMF51, the results are simi-
lar to inclusive measurements at 5 GeV/c and below@7#.
With increasing NIMF , the peak angle shifts to larger angle
and the peak-to-backwardmost-angle ratio decreases~from
2.0 to 1.5!. Similar trends are observed for the 12.8 a
10.0 GeV/c proton beams, although less pronounced. Th
the results in Fig. 1 indicate that the observed sideways pe
ing above 10 GeV is primarily associated with hig
deposition-energy multifragmentation events.

A signature of the shock wave or toroidal-breakup mec
nisms would be the observation of events with enhan
multiplicity for fragments emitted into the same angular i
terval, e.g., in an annulus about the beam axis. To test
scenario, we examined angular-correlationsC(u t ,ug) be-
tween coincident IMFs. For reference, the ISiS array is co

FIG. 1. Angular distributions of carbon fragments from a197Au
target. Left frame: inclusive data for 10.0, 12.8, and 14.6 GeVc
protons and 5.0 GeV/c p2; center: data for the same beam m
menta gated on IMF multiplicity NIMF>4; and right: 14.6 GeV/c
proton data gated on IMF multiplicity. Legends on the figures ide
tify curves; relative cross sections are indicated by scale fac
associated with each angular distribution.
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posed of nine concentric annular rings, each correspon
to a fixed polar angle and containing 18 azimuthal telesc
segments. The analysis focused on situations in whichu t was
associated with IMFs observed in each of the two po
angle intervals, where the maximum in the angular distri
tions is observed, 33° – 52° and 52° – 69°.~These are defined
here as ‘‘trigger fragments’’ and the angular interval
‘‘trigger interval.’’! For each of these anglesu t the depen-
dence on the angle of the remaining (NIMF21) IMFs ug was
studied~these fragments are defined as ‘‘global fragments!.
The IMF acceptance includedZ54 – 12 fragments for event
with NIMF>3 with kinetic energyE/A51 – 4 MeV for the
trigger fragments andE/A51 – 8 MeV for the global IMFs.
These events exhibit the highest probability for sidewa
peaking, discussed further below. Inclusion of allE/A
51 – 8 MeV fragments in the ‘‘trigger interval’’ does no
change the results.

The global correlations are found to be similar for bo
trigger intervals. Rather than showing an enhancement, t
is a factor of 2–3 suppression for IMF-IMF correlation
within each trigger interval. Thus, there is no definitive s
nal for enhanced IMF emissions in the angular region wh
sideways peaking is found. In order to investigate this c
clusion further, the correlations for 14.6 GeV/c proton data
with NIMF>3 have been normalized to a similar correlati
analysis for the 5.0 GeV/c p2 data; for the reference corre
lation, all events with NIMF52 were accepted to insure com
parison with a monotonically decreasing angular distributi
In this way uncertainties due to solid angle, detector thre
olds and target shadowing are minimized. As shown in F
2, this analysis also fails to provide evidence for preferen
emission of the fragments in any given angular region. T
only obvious trend in Fig. 2 is the systematic increase
relative correlation probability with an increasing ang
which arises from the increasingly isotropic nature of t
angular distributions as the beam momentum increases.

FIG. 2. Relative correlation probability~points! for coincident
pairs of IMFs produced in NIMF>3 events from the 14.6 GeV/c p
1Au reaction, gated on the annular intervals 33° – 52°~left! and
52° – 69° ~right!. Correlations are normalized to an identical ana
sis for NIMF52 for the 5.0 GeV/c p2 data. IMF acceptance wa
Z54 – 12 and E/A51 – 4 MeV for the trigger and E/A
51 – 8 MeV for correlated IMFs. The solid line is the prediction
a hybrid INC and SMM@26# calculation.
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suggests that IMF emission is primarily influenced by Co
lomb repulsion effects and global momentum conservat
associated with the recoil nucleus and its fragmentat
products. For each of the polar-angle intervals, azimut
correlations have been examined (u t5ug). For both trigger
and global intervals we find that the maximum correlati
occurs when the two fragments are separated by 180
azimuthal angles, consistent with the above arguments vi`-
vis Coulomb and momentum-conservation effects.

In addition, a sphericity and coplanarity analysis@20# has
been performed on the 5.0 GeV/c p2 and 14.6 GeV/c pro-
ton data for thermal-like IMFs and light charged particle
For the high IMF multiplicity events the average sphericity
^S&;0.50– 0.60 and the coplanarity is^C&&0.10. These val-
ues are nearly the same for both beam energies and are
sistent with previous results for the 4.8 GeV3He1197Au sys-
tem, where no sideways peaking was observed@21,22#. The
multiplicity distributions forE/A51 – 4 MeV ejectiles have
also been compared for the same polar angle intervals in
forward and backward hemispheres. These are iden
within statistics. Thus, no statistically meaningful signatu
for dynamical production of IMFs because of a collecti
shock wave or a geometrically-unstable configuration is
parent in these analyses. The two-body cleavage mecha
@13,14# is more difficult to assess because of the multiplici
three trigger condition and the 1 MeV/nucleon threshold
the ISiS array. However, no change in the coplanarity^C& is
observed in the data, which might be expected if fissionl
events from a compact shape were present in a signifi
yield.

In order to gain further insight into the origin of th
sideways-peaking effect, the dependence of the angular
tributions on IMF charge and kinetic energy have been
vestigated. For the 5.0 GeV/c p2 data, the forward-peaked
angular distributions exhibit nearly identical slopes for
IMF Z values. At 14.6 GeV/c, however, there is a distinc
evolution of the peak angle towards larger angles and a w
trend towards increasing isotropy as the IMF charge
crease. This effect has also been noted in the inclusive s
ies of Refs.@1–3#, as well as for heavier fragments in radio
chemical heavy-ion studies@23#.

The most striking feature of the angular distributions
the dependence on IMF kinetic energy. Figure 3 shows
angular distributions ofZ55 – 9 fragments with energy cut
of E/A51.2– 3, 3–5, and 5–10 MeV, respectively, fo
5.0 GeV/c p2 ~left! and 14.6 GeV/c proton beams~center!.
Data are for NIMF>3 and are normalized to the backwar
most point. It should be emphasized that the IMF yield
largest for the lowestE/A bin. This plot demonstrates that a
the IMF velocity decreases, the maximum differential cro
section evolves towards more backward angles and the o
all angular distribution becomes more isotropic.

The observation that sideways emission is favored by
creasing IMF masses and low kinetic energies sugges
possible kinematic origin for the effect. The diffractive n
ture of the initial N-N collision preferentially produces a
secondary nucleon orN* that recoils at 70° – 90°@24#. Thus,
subsequent dissipation during the cascade imparts a sig
cant transverse velocity to the heavy residue. This is c
firmed by intranuclear cascade calculations~INC! @25,26# in
Fig. 4, where the distribution of longitudinal versus tran
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verse velocity~vi vs v'5Avx
21vy

2! is plotted for recoils with
excitation energies E* .500 MeV produced in the
14.6 GeV/c p1Au reaction. Cascade simulations were p
formed with a random impact parameter~^b&53.5 fm is pre-
dicted by the code!. Transverse velocities up to 1 cm/ns a
predicted for the heavy residues, with a significant fract
recoiling into the backward hemisphere. The effect of
heavy residue velocity vector on the resultant IMF vecto

FIG. 3. Relative angular distributions as a function of IMF k
netic energy forZ55 – 9 fragments from events with IMF multi
plicity NIMF>3 from 5 GeV/c p2 ~left! and 14.6 GeV/c proton
~center! reactions on197Au. Data are gated on fragmentE/A, as
indicated. The absolute yield for each kinetic-energy cut decre
with increasing fragmentE/A value. Solid lines are the result of
two-component moving-source fit to the data. The right-hand fra
shows predictions of an INC and SMM hybrid calculation of t
angular distributions for 14.6 GeV/c protons, gated on fragmen
energy~symbols and dashed line!. All distributions are normalized
to unity at the most backward angle.
-

n
e
s

largest for the lower-energy IMFs (v51.5– 2.5 cm/ns) where
the cross sections are also the largest. This nonaxial com
nent of the recoil velocity vector can perturb the angu
distributions significantly. The inset in Fig. 4 shows IN
predictions of the average velocity vector^vR& for residues
with E* .500 MeV produced with 600 MeV to 90 GeV had
ron beams incident on197Au. With an increasing beam en
ergy, v' becomes increasingly important and the distrib
tions broaden significantly. The most rapid growth occu
between 1.0–5.0 GeV, followed by a nearly constant va
above 10 GeV.

The effect of the residue recoil angle on the angular d
tributions of IMFs has been verified by performing a on
component moving-source simulation that imposes isotro
breakup kinematics. For residue recoil angles of about 60
less with respect to the beam, only a monotonical
decreasing angular distribution results, i.e., no sidew
peaking. This is consistent with the observation of such
gular distributions at incident energies below 5 GeV, whe
the INC simulations also predict smaller, more forwar
peaked recoil momenta. On the other hand, once the m
probable recoil angle evolves beyond about 60°, the c
pling of the residue and the IMF velocity vectors produc
sideways-peaked angular distributions. Thus the distribu
of recoil angles for the residues strongly influences the pr
ability for sideways peaking in the laboratory system.

We have also performed a simple two-compone
moving-source fit to the measured spectra, assuming
source is moving in the beam direction and the second
focused at some average angle, determined by the fit. B
sources assume isotropic emission in the source frame.
results are shown in Fig. 3 forZ55 – 9 fragments emitted
from NIMF>3 events for the 5 GeV/c p2 and 14.6 GeV/c
proton reactions. The transverse source accounts for a
80% of the yield at the higher beam momentum, but o
about 25% for the lower beam momentum. This fit yields
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FIG. 4. Intranuclear cascade calcu
lations showing the distribution of lon
gitudinal versus perpendicular velocit
for residues with excitation energie
E* .500 MeV formed in the 14 GeV
p1Au reaction. Inset shows INC pre
dictions of the average residue veloci
vector ^Vi& vs ^V'& plane for, clock-
wise, 600 MeV, 1 GeV, 5 GeV, 9 GeV
14 GeV, 28 GeV, and 90 GeV proton
incident on a Au nucleus.
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average recoil angle ofu;80° for the 14.6 GeV/c data.
Combined, the two sources give a satisfactory fit to the d

To simulate the combined effects of recoil angle and s
tistical breakup, we have examined the angular distributi
predicted by a hybrid intranuclear cascade and statis
multifragmentation model~SMM! @26#. Such a model should
provide a schematic picture of the combined influence of
fast cascade and statistical multifragment breakup on the
gular distributions. We have summed all IMFsZ55 – 9 to
improve statistics. In Fig. 2 the model predictions are co
pared with the relative correlation results, normalized to e
of the trigger angular intervals. A qualitative consistency
observed. The inclusion of forward-peaked nonequilibriu
light-charged-particle and IMF emission in the model wou
improve the agreement. The right-hand panel of Fig. 3 sh
the predicted angular distributions for IMFs withE/A
51.2– 3, 3–5, and 5–10 MeV. The latter comparison de
onstrates that significantly greater isotropy is expected
the low-energy IMFs relative to those with higher energi
Accounting for prebreakup IMF emissions~;10– 15% of
the yield! would further increase the forward peaking of t
most energetic component. These same arguments ser
explain the increase in the peak angle as a function of I
charges, since the average velocity of the fragments
creases with increasingZ. Thus, the simulation is consisten
with a two-step mechanism in which kinematic focusing
IMFs emitted from a hot residue with significant transve
momentum produces a sideways peak in the angular di
butions.
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In summary, we have performed exclusive studies t
investigate the origin of sideways peaking of IMFs produc
in hadron-heavy nucleus collisions. The effect becomes
portant above about 10 GeV/c and is found to be most pro
nounced for high-multiplicity, low kinetic-energy multifrag
mentation events. The peak angle increases with increa
beam energy and IMF charge. Investigations of IMF-IM
angular correlations, multiplicity distributions, and spheric
and coplanarity distributions provide no ‘‘smoking gun’’ th
would support arguments for dynamical effects such
shock waves or toroidal-breakup mechanisms. Instead, it
pears that the sideways peaking of IMFs can originate
kinematic-focusing effects associated with statistical a
thermal multifragmentation of an expanding residue havin
significant velocity component transverse to the beam a
This is consistent with the observation that all other mu
fragmentation observables are insensitive to beam en
above about 5 GeV. Thus, if dynamical effects are presen
the IMF data, they exist on a background in which kinema
focusing of heavy recoils cannot be ignored.
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