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Exclusive studies of angular distributions for intermediate-mass fragnid#fs) produced in GeV hadron-
induced reactions have been performed with the Indiana Silicon SgI®i® 47 detector array. Special
emphasis has been given to understanding the origin of sideways peaking, which becomes prominent in the
angular distributions for beam momenta above about 10 GeB6th 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 near isotropy as the fragment kinetic energy decreases.
Fragment-fragment angular-correlation analyses show no obvious evidence for a dynamic mechanism that
might signal shock wave effects or the breakup of exotic geometric shapes such as bubbles or toroids. Moving-
source and intranuclear cascade simulations suggest that the observed sideways peaking is of kinematic origin,
arising from significant transverse momentum imparted to the heavy recoil nucleus during the fast cascade
stage of the collision. A two-step cascade and statistical multifragmentation calculation is consistent with this
assumption[S0556-28189)02909-X

PACS numbgs): 25.40.Ve, 21.65+f, 25.70.Pq, 25.75:q

I. INTRODUCTION sideways peaking, was indicated by emulsion and radio-
chemical studies over 30 years add,2] and references
tE!wereir). Subsequent detector studies of 28-GeV proton-
jnduced reactions with*’Au and **U by Remsberg and
Perry [3] showed that this was a general feature of IMF
emission for high bombarding energies. This observation
stands in sharp contrast to numerous measurements at ener-

*Present address: Los Alamos National Lab, Los Alamos>" >
gies below about 5 GeV, where the IMF angular distribu-

The preferential emission of intermediate mass fragmen
(IMF: 3<Z=<20) at angles transverse to the beam axis, o

Nm:gef::;lft"address: Epsilon, Inc., Dallas, TX 75240. tions have been found to be distinctly forward-pealéd6].
‘Present address: Lawrence Berkeley Laboratory, Berkeley, Several radiochemical measurements by Pdiile and

CA 94720. Urbon and co-worker$8] demonstrated that the transition
SPresent address: Department of Physics, Cambridge Universitffom forward to sideways peaking occurs between incident

Cambridge, United Kingdom. proton energies of 5-10 GeV. It is in the same energy inter-
'On leave from Institute for Nuclear Research, RU-117312val that IMF cross sectiong9] and deposition energhl0]

Moscow, Russia. become nearly independent of bombarding energy. In addi-
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tion, a distinct change in the character of the energy spectracoustic-type shock wave with low compressiop/dg
is observed9,11], signaling the onset of multifragmentation. ~1.3). Second, a significant depletion of nucleons in the
In fact, above about 5 GeV incident proton energy, the annuclear core is predicted to evolve near the end of the fast
gular distributions are the only IMF observable that appearsascade, creating a temporary bubblelike geometry in the hot
to be sensitive to the beam energy. residue with density ¢/p,=0.7), near the spinodal region.
The sideways-peaked nature of hadron-nucleus anguldfow the cohesive nuclear forces respond to these rapid per-
distributions at high energies suggests the possibility thafurbations and whether sideways peaking is a manifestation
dynamic effects associated with the initial cascade phase &f such effects is a central question in distinguishing between
the reaction might play an important role in the multifrag- dynamlcally—drlven and thermal mult|fragmentat|on. This
mentation process. If so, this would negate some of the simduestion has also been examined recently in the context of
plifying advantages of relativistic hadrons for nuclearthe intranuclear cascade mogi24]. In this work we describe
equation-of-state investigatiofis0]. exclusive 4r studies 'ghat examine the S|dewa_ys peaking phe-
Several interpretations of the sideways-peaking phenomomenon as a function of fragment correlation angles, mul-
enon have been proposed. Remsberg and P&Jryoted that t|p||C|ty, charge and kinetic energy over a range of projectile
the peak in the IMF angular distributions near 60°~70° co-€nergies spanning the transition region from forward-to-
incided with the angular region predicted for light particles Sideways peaking. Preliminary results have been published
ejected from a nuclear shock wa#2,13. Coalescence of previously[25]. We first discuss the experimental measure-
nucleons along the shock-wave front would then lead to prefMents and then address the experimental evidence for the
erential emission of IMFs at these angles. Fortney and Poriléideways-peaking effect. This is followed by an analysis of
[7] also suggested a one-step mechanism involving a cohetbe data and a proposed explanation for the observations.
ent interaction between the incident proton and the Lorentz-
contracted target nucleus in its path. Ejection of this material Il. EXPERIMENTAL PROCEDURES
in the forward direction, plus additional mass loss in the
vicinity of the interaction region, would produce a highly — The experiment was performed with the Indiana Silicon
unstable nucleus that breaks apart normal to the beam axi§phere(ISiS) 4 detector array26] at the Brookhaven Na-
However, they also discuss a mechanism in which forwardtional Laboratory Alternating Gradient Synchrotr¢AGS)
emitted fast particles are accompanied by a heavy recoitccelerator. Untagged secondary positive beams of momen-
nucleus emitted at backward angles to account for their retum 6.0, 10.0, 12.8 and 14.6 Ge¥And negative beams at
sults. In a similar vein, Wilkinet al. [14] and Hifner[15] 5.0, 8.2 and 9.2 Ge¥/ were incident on a'®’Au target.
explained the observation of energetic fissionlike residues ikverage beam intensities were approximately< ¥°
terms of a nuclear cleavage model in which the leading hadparticles/cycle, with a cycle time of 4.3 seconds and flat top
ron creates a cylindrical low-density region in its wake.of 2.2 seconds. The composition of the positive beam, as
Large transverse momentum transfer and Coulomb forceidicated by AGS secondary production tables, ranged from
then act to focus the binary fragments transverse to the beagbout 90% proton/10% " at the highest momentum to 60%
axis. proton/40%s* at the lowest momentum. The negative beam
In contrast, Urboret al.[8] were able to account for their composition was predicted to be95% =, a few percent
IMF angular distribution results at 11.5 GeV with a two-stepK ™ and less than 1% for the momenta studied here. For the
model involving a fast cascade followed by the decay of gurposes of these discussions, we identify positive beam
hot residue. More recently, coincidence studies in a planawith protons and the negative beam with . As has been
geometry with 12-GeV protonisl6], showed that sideways shown in Ref[10], the rationale for this assumption is based
peaking for heavier IMFs was enhanced when a second IMBn the insensitivity of the charged-particle multiplicity dis-
was detected near 90° on the opposite side of the beam. titibutions to beam momentum or hadron type in these experi-
was suggested that this observation might be due to geanents.
metrical effects such as the breakup of a toroid-shaped The %/Au target foils were prepared from 18 purity
nucleus, as predicted by a QMD calculatidY]. However, metal by vacuum evaporation onto a glass slide, using a KClI
in order to reproduce the data, the calculation required adsubstrate that was subsequently removed by repeated wash-
justment of the parameters to values well outside the defaulhg. Two targets, X1 cn? and 2<2 cn? in area and 1.8
values of the model. mg/cnt in thickness, were used to define the beam-target
Speculation concerning the stability of exotic nucleargeometry. In order to provide a self-supporting target with
shapes such as bubbles or toroids has existed for many yearsinimum extraneous material exposed to the beam halo,
following calculations by Siemens and Befli&] and Wong each target was supported by two afh tungsten wires at-
[19] and more recently in Ref§20—22. Recent Boltzmann- tached to a 50 mmx50 mm target frame. A blank target
Uehling-Uhlenbeck(BUU) calculations[23] provide addi- was also inserted into the beam periodically to monitor the
tional support for the possible role of dynamics and nucleatevel of possible nontarget contributions to the spectra.
geometry in destabilizing heavy residues formed in central The ISiS detector array consists of 162 triple-detector
collisions induced by hadrons above about 5 GeWo- telescopes arranged in a spherical geometry. The telescopes
mentum. First, as the projectile and its associated momentuspan the polar-angle range from 14°-86.5° in five segments
front punch through the nucleus, significant mass loss ocin the forward hemisphere and 93.5°-166° in four backward-
curs, creating conditions favorable to development of arhemisphere segments. The azimuthal coverage consists of 18
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] o (100<Ep=400 MeV) emitted in proton-induced reactions on
FIG. 1. “Inclusive” angular distributions of carbon fragments 1975, Beam momenta are indicated in the figure.

from a'%Au target. The left frame gives the data for incident pro-
tons and the right frame shows the results for the beam. Beam

momenta are indicated in the figure. As the beam momentum increases, the evolution from for-

ward to sideways peaking of the angular distributions is ap-
telescopes in an annular ring, each subtendif®)° in azi- parent, becoming a pronounced feature above beam energies
muthal angle. The most forward ring is divided into two of about 10 GeW¢. While even at 14.6 GeV/ the side-
polar-angle segments. Total solid-angle coverage was 70%ays peaking effect is small~20%), it is nonetheless a
for the active telescopes in this experiment. systematic feature of all systems above 10 GeM,7-10.

The detector telescopes consisted of a gas-ionization If shock-wave-like effects are responsible for the side-
chamber operated at 16-18 Torr GEFg gas, a 500um  ways peaking of IMFs, similar peaking might be expected to
passivated silicon detector, and a 28-1@si scintillator with  appear in the LCP spectra. Figures 2 and 3 present “inclu-
photodiode readout. Details of the detector design are givegjye” angular distributions for, respectively, “gray” protons
in [26]. The energy acceptance for IMF charge identification 100<E, <400 MeV) and 3%He ions (4G<E.
was 1.0sE/A=90 MeV. lIsotope identification was pos- <110 MeV) observed for the four proton beam momenta.
sible for LCPs withE/A>8 MeV (LCP: H and He isotop8s  The proton yield is strongly forward-peaked for all momenta.
In addition, all ejectiles with energie§=16 MeV in the  The same is true fofHe, although with a reduced forward-
Csl detector(but with theE fast silicon signal too low to  packward ratio compared to protons. Féfe the slope of the
trigger the corresponding detectarere recorded for each angylar distributions flattens out at forward angles, although
accepted event, along with the recorded silicon linear signalyg statistically-distinct peak is present. Because LCPs origi-
This provided information on the multiplicity of fast cascade pate from many different sources and with much more copi-
ejectiles(primarily charged hadronswith energies up to~  qys yields than IMFs, the lack of a sideways peak does not
400 MeV. This definition corresponds approximately to thatexclyde the presence of a shocklike component. Such effects

of “gray particles” observed in emulsion studies. may be buried in these “inclusive” results. In addition, if
The hardware multiplicity trigger for event acceptance re-

quired valid fast signals in three or more silicon detectors in

the array. Results with this minimum-bias hardware trigger L2 . C .
are referred to as “inclusive” in this paper. The ISiS array = r He 2 - He
was complemented by a 15 em5 cm upstream total beam S5 *°F -
counter (TB), an annular ring veto scintillatofRV), a o osb 20 F E
28 mmx28 mm beam-definition countéBC), and a seg- 5 2 C
mented inner/outer scintillator arr&yV) upstream fromthe 06 | e E
target for halo, veto and beam alignment. The acceptance% n Lo b ‘
trigger logic wasTB-RV-BC-UV-ISiS. r 2 Ny
@) r -
-  °.2r 0.5
Ill. SIDEWAYS PEAKING: SHOCK WAVES? EXOTIC 0 E o EI"
GEOMETRIES? 0 50 100 150 0 0 50 100 150
In Fig. 1 the “inclusive” angular distributions are shown O 19691

for carbon fragments emitted in the seven systems studied in
this work. These data are representative forZaH5 IMFs. FIG. 3. “Inclusive” angular distributions foPHe (left) and“*He
The left-hand panel shows the data for the proton-inducegight) emitted in proton-induced reactions ¢%Au. Beam mo-
reactions and the right-hand panel contains #heresults. menta are indicated in the figure.
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one goes from left to right in each bin. The average correla-
tion rate in each ring is indicated by the solid dot. No cor-
rections for variations due to solid-angle differences, detector
thicknesses and target shadowing near 90° have been applied
to the results in Fig. 4.

The immediate message of Fig. 4 is the absence of any
significant enhancement in the correlation probability for the
trigger interval. As one examines the variations among the
four types of trigger fragments in Fig. 4, there is a systematic
evolution of the correlations with increasing fragment mass.
7715 For protons, the coincidence probability is nearly indepen-
dent of eitherdy or ¢4, other than reflecting the angular
distribution of these particles. Otherwise, the probability of
observing an IMF in coincidence with a proton appears to be
random. When He ions are the trigger, the dependenag, on
is similar to that for protons. However, in the vicinity of the
1.0 trigger detector, the dependence of the correlation probabil-

150 ity on 6y shows a decrease as one approaches the trigger
detector. Again, the existence of multiple sources that pro-
6 (deg) duce LCPs complicates any interpretation of the global cor-
relation pattern for these particles.

FIG. 4. Polar and azimuthal raw angular correlati@{®¢) for Examination of the IMF-IMF correlations shows several
the trigger angleg;=33°-52° and beam momentum 14.6 GeV/ important features relevant to the question of dynamic pro-
Results are shown for IMFs in coincidence with protons, He ionsduction mechanisms. Most significant is the distinct suppres-
Z=4-6 fragments, and=7-15 fragments. Each slice represents sion of the correlation yield within the trigger interval—as
an average polar anglé, corresponding to the nine rings in the opposed to any enhancement that might signal a localized
ISiS array. Within each slice is thg-dependent correlation for the emission pattern. In addition, one notes that within the trig-
eighteen detector telescopes in that polar-angle slice, ranging fror@er interval there is a strong preference for correlated frag-
(py=10° (first poiny to 350°(last poiny. Dots give average value | anis to appear at an azimuthal angle 180° away from the
for each ring(polar anglé. trigger detector. As one moves to polar angles away fépm

this effect gradually diminishes so that in the backward
such effects are present at angles less than 14°, the ISiS arragmisphere, the dependence on azimuthal aipglis negli-
would not detect them. gible. Thus, the conclusion of the IMF-IMF correlations is

Focusing on the IMFs, the signature of a shock-wave othat in the vicinity of the trigger detector, the correlation
toroidal breakup mechanism would be the observation oprobability is low, but as one moves to larger angles, the
events with enhanced fragment multiplicities in a localizedprobability resembles a random distribution. This suggests
angular interval; e.g., in an annulus about the beam axis or ithat the IMF emission process is dominated by phase space
a forward cone. To test this scenario, we have examinednd Coulomb effects, rather than by coherent dynamic pro-
angular correlations between coincident IMFs. For referencesesses such as shock waves or the breakup of residues with
the ISIS array consists of nine annular rings, each correexotic shapes.
sponding to a fixed polar angle segme{#), and containing In order to investigate this conclusion further, the corre-
18 azimuthal telescope segmef#s. In the analysis, gating lation for data withN,,-=3 from the 14.6 GeW proton
conditions were set on the two polar-angle rings where theeaction have been normalized to a similar correlation analy-
maximum in the angular distributions is observed, 33°~525%is for the 5.0 GeW =~ data. For the reference correlation
and 52°-69°, respectively. These are defined here as thgith the 7~ beam, all events with NIME 2 were accepted
“trigger interval” 6;, and the IMFs as “trigger fragments.” in order to insure comparison with a monotonically decreas-
For each of the 18 detector elements in these two polar-angig angular distributionFig. 1). This approach minimizes
segments, the correlation with the remainimgj(=—1) frag-  uncertainties due to solid angle, detector thresholds and tar-
ments, 6y and ¢4 was determined; these fragments are deget shadowing. As shown in Fig. 5, this analysis also fails to
fined as “global fragments.” The analysis here emphasizegrovide evidence for preferential emission of the fragments
the 14.6 GeV¢ results, since the sideways peaking is mostin any given angular region. The only obvious trend in Fig. 5
prominent at this momentum. is the systematic increase in relative correlation probability

In Fig. 4 we show the raw correlations for th&  with increasing angle, which arises from the more isotropic
=33°-52° ring at 14.6 Ge\¢ beam momentum, gated on nature of the angular distributions as the beam momentum
protons, He ionsZ=4-6 andZ=7 fragments, respectively. increases. Again, this supports the hypothesis that IMF emis-
Each of the nine rings, corresponding to a given valugéf  sion is primarily influenced by Coulomb repulsion effects
is shown as a slice on each graph. Within each of the nineand global momentum conservation associated with the re-
polar-angle slices, the correlation with the 18 azimuthal de<oil nucleus and its fragmentation products.
tectors is shown, ranging from centroids at 10° to 350° as In addition, a sphericity/coplanarity analy$#/] has been

QO N o

do/d0 (arb. unit)
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FIG. 5. Relative correlation probabilitgpointg for coincident

pairs of IMFs produced in Ny==3 events from the FIG. 7. Exclusive angular distributions of carbon fragments
14.6 GeVt p+%7Au reaction, gated on the annular intervals 33°— from a %Au target. Left-hand panel shows the dependence of the
52° (left) and 52°-69°(right). Correlations are normalized to an angular distributions on observed IMF multiplicitgee legengdfor
identical analysis foN,y==2 for the 5.0 GeV¢ =~ data. IMF  the 14.6 GeV¢ p+2°’Au system. Right-hand panel gives angular
acceptance wag=4-12 andE/A=1-4 MeV for the trigger and distributions gated o,y 4 for the 5.0 GeV¢ (open circley
Z=4-12 andE/A=1-8 MeV for correlated IMFs. Solid line is 10.0GeVEt p (solid circleg, 12.8 GeVE p (open squargs and

the prediction of a hybrid INC/SMM33] calculation. 14.8 GeVt p (solid squares Relative cross sections as indicated

by scale factors associated with each angular distribution.

performed on the 5.0 Ge¥/m~ and 14.6 Ge\g proton

data for thermal-like IMFs and light charged particles. Theevents from a compact shape were present in significant
results are shown in Fig. 6. For the high IMF multiplicity yield. The multiplicity distributions forE/A=1-4 MeV
events the average sphericity(iS)~0.55 and the coplanar- ejectiles have also been compared for the same polar angle
ity is (C)=0.10. These values are nearly the same for bottintervals in the forward and backward hemispheres. These
beam energies and are consistent with previous results f@re identical within statistics.

the 4.8 GeVPHe+%"Au system, where no sideways peaking  Thus, no statistically meaningful signature for dynamical
was observed28,29. No change in the coplanarifC) is ~ production of IMFs due to a collective shock wave or

observed in the data, which might be expected if fissionlikdoreakup of a geometrically unstable configuration is apparent
in the data. The two-body cleavage mechanidm,19 is

0.6 more difficult to assess in our data because of the

V, = 0.006 ¢ - multiplicity-three trigger condition and the 1 MeV/nucleon
A 05 E o - threshold of the ISIS array.
n C - r
Vo4 - - - IV. ORIGIN OF SIDEWAYS PEAKING
0.3 Cz=1-15 - z=3-15 Fz=3-15 In order to gain further insight into the origin of the side-
F +grayicp F - tiepE/A<S0F  +lepE/A< 25 ways peaking effect, the dependence of the angular distribu-
A 02 E C tions on several exclusive properties has been investigated.
O C - C The left panel of Fig. 7 shows the angular distributions for
vV g LT C® N the 14.6 GeW¢ proton beam as a function of the observed
r r r IMF multiplicity. For Nyye=1 the results are similar to those
E . F . F L observed in the inclusive measurements for 6.0 @g\b-
% 5 o 5 0 5 tons and 5.2 GeW pions. As the IMF multiplicity in-
<N S creases, the sideways peak develops and shifts to larger
imf

angles. In addition, the ratio of the peak yield to that at the
FIG. 6. Average event sphericity) and coplanarityC) as a backward-most angle decreases from about 2.0 to 1.5. Simi-

function of IMF multiplicity for events measured with a lar trends are observed for the 12.8 and 10.0 Gehdams,

14.6 GeVt proton beansolid pointg and a 5.0 GeW =~ beam  although less pronounced. Thus, the sideways peaking effect

(open points For the left-hand panel the fragment energy accepS clearly associated with high deposition-energy multifrag-

tance includes all detected fragments; the center panel limits accepaentation events.

tance toE/A<50 MeV, and in the right-hand frame only ejectiles  In the right-hand panel of Fig. 7 the angular distributions

with (E/A)me<8 MeV and E/A), cp<25 MeV are accepted. are shown for the gating conditioN,,==4 for the
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FIG. 8. Exclusive angular distributions fod,y-=4 gated on _ FI_G. 9. Dependence of relative angular _distributions_ on IMF
IMF charge(see legenyffor the 5.0 GeV¢ bombardmentleft) and klnet_lc_e_nergy forZ=5-9 fragments formed in events with IMF
14.6 GeVE p bombardmentright). Offset values at right of each Multiplicity =4 for 5.0 GeVt (left) and 14.6 GeV¢ proton

. A, o7 o
curve have been added to the corresponding ordinate value for eaéght) beams |nC|d°ent o Au. Angular distributions are normal-
in making relative shape comparisons; i.e., all curves are normalized to 1.0 at 180°. Energy bins are indicated in the figure. Solid

ized to 1.0 at 180° on the basis of moving-source (tslid lines lines in left and center panels are results of moving-source fits.

and do not represent relative cross sections. Fo6 the points ~ Right-hand panel shows prediction of INC/SMM calculati@g]
near 90° are omitted because of target-shadowing effects. for the 14 GeVt p+'%7Au reaction, binned the same as the data.

5.0 GeVt 7w~ and 10.0, 12.8, and 14.6 Ge¥/proton  point. It should be emphasized that these are relative angular
beams. Here one observes the same systematic trend as thstributions; the IMF yield is actually largest for the lowest
inclusive data in Fig. 1, with the peak shifted toward largerE/A bin. This plot demonstrates that as the IMF velocity
angles. For the 5.0 GeV¥/r~ case, selecting high multiplic- decreases, the maximum differential cross section evolves
ity events leads to a flattening of the angular distribution atowards more backward angles and the overall angular dis-
forward angles. tribution becomes more isotropic.

The influence of IMF charge on the angular distributions The observation that sideways emission is favored by
is presented in Fig. 8 for the 5.0 Gad#~ and high IMF mass and low IMF kinetic energies suggests a
14.6 GeVt proton bombardments. Both cases shiyye possible kinematic origin for the peaking effect. The diffrac-
=4 data only. In order to permit a comparison of thetive nature of the initiaN-N collision preferentially produces
angular-distribution shapes, a moving-source fit has bee@ secondary nucleon dd* that recoils at 70°-90° to the
performed, given by the solid lines in Fig. 8. The fit angularbeam[31]. Thus, subsequent dissipation during the cascade
distribution for each charge has then been normalized to 1.Gmparts a significant transverse velocity to the heavy residue.
at the backward-most angle. Offset values, shown to the righthis is supported by intranuclear cascade calculatitd€)
of each angular distribution, have been added to the ordinat&2,33 in Fig. 10, performed for random impact parameters.
for each point in order to provide a basis for relative com-Here the distribution of longitudinal versus transverse veloc-
parisons as a function &. For the 5.0 GeM 7~ case, the ity (v, vsv, = \/vX2+vy2) is plotted for recoils with excitation
forward-peaked angular distributions exhibit nearly identicalenergies E* >50 MeV produced in the 1.3, 4.0, and
slopes for all IMFZ values. In contrast, at 14.6 Ged/there  14.6 GeVE p+Au reaction and for the 14.0 GeVW/case
is a distinct evolution of the peak angle toward larger polarfor E* >800 MeV.
angles, as well as a weak trend toward greater isotropy as the The simulation results in Fig. 10 show that at 1.3 GeV,
IMF charge increases. This effect has also been noted iboth the longitudinal and perpendicular velocities are small
inclusive studieq43,8], as well as for heavier fragments in (~0.10 cm/n$, with approximately equal magnitudes. As the
heavy-ion measuremenf80]. Thus, the heavier fragments beam energy increases, one observes both a significant
appear to feel the focusing mechanism more strongly. spreading of the recoil velocity distribution in vsv, space

The most striking feature of the exclusive angular distri-and an increase in, relative tov,. For the 14 GeV case,
butions is the dependence on IMF kinetic energy. Figure Qransverse velocities up to 1 cm/ns are predicted for the
shows the relative angular distributions d=5-9 frag- heavy residues. In addition, a significant fraction of the resi-
ments with energy cuts oE/A=1.2-3, 3-5, and 5-10 dues recoil into the backward hemisphere. This is illustrated
MeV, respectively, imposed on the spectra. Data are showim Fig. 11, where the predicted distribution of total recoil
for 5.0 GeVkt 7~ (left) and 14.6 GeW proton beams velocity versus recoil angle is plotted for tipe-°’Au reac-
(centey for N,\;==3, normalized to 1.0 at the backward-most tion at 1.3 and 14.0 GeV. In both cases, the spread in

034609-6



EXCLUSIVE STUDIES OF ANGULAR DISTRIBUTION . . . PHYSICAL REVIEW C 60 034609

9.4 L T T T T T T
1.0 r ]
1.3GeV p +Au INC 4GeV p+""Au INC - ]
08 : W 03 —
06 £ - |
E - -
04 .34 L
0 02 A 02 =
= I .
g o _ g r
A 14GeV p + Au ING 14GeV p+Au INC v . i
> 10 T Gy L 14GeV p + Au INC 1
08 © 01— —
0.6 !
0.4 [ | | | :
o2 _ _ ?O%_" . - I" — I I "]
’ 08 -04 0 04 08 08 -04 0 04 08 r ' i
V" (cm/ns) 50'_— \ __
FIG. 10. Intranuclear cascade calculatipBg| showing the dis- "o ,
tribution of longitudinal versus perpendicular velocity for residues 2 el —
with E*>50 MeV formed in thep+'°’Au reaction at incident A i ]
energies of 1.3 GeVupper lef), 4 GeV (lower lef), and 14 GeV § r i
(upper righj. The panel at the lower right shows the effect at 14 cé‘ 40— ]
GeV of gating on excitation energies800 MeV. I 1
recoil angle is very broad. However, at 1.3 GeV the recoil 20— ]
angular distribution is predominantly in the forward hemi- i 1
sphere, whereas at 14 GeV the distribution is much more N S B B
isotropic. For high deposition energie€(>800 MeV) 0.0 05 1.0 15
these effects are even more pronounced, also shown in By [GeV]

Fig. 11. FIG. 12. INC prediction32] of the average perpendicular ve-

locity (top) and average recoil angl@ottom) as a function of ex-
citation energy for the 14 Gey+ °’Au reaction.

0.8 1.3GeV p +Au INC

The predicted dependence of the average recoil velocity
Vi and angledg on residue excitation energy for the 14-GeV
p+%7Au reaction is shown in Fig. 12. The INC simulation
illustrates that, on average, high excitation energies are asso-
ciated with large perpendicular velocity components. There
is also a slight decrease in the average recoil angle with
increasing excitation energy, but even for the most violent
events, the average recoil is focused into the angular range
above 60°. While the average values(ef) are relatively
small, the widths of the distributions are quite large, as evi-
denced in Figs. 10 and 11. The impact of this transverse
focusing of the recoils on the IMF angular distributions will
be greatest for those recoils with the highegtvalues(and
excitation energiesthat emit low-velocity IMFs; that is,
those events with high multiplicitgFig. 7), large IMF charge
(Fig. 8 and low kinetic energyFig. 9. For example, the
lowest kinetic energy bin in Fig. 9 corresponds to a velocity
rangevyr=1.5-2.5 cm/ns—and it is these events that ex-

30 60 90 120 150 180 hibit the largest fraction of the multifragmentation cross sec-
Breces (D) tion in hadron-induced reactions.
While sideways peaking can be explained in terms of the

FIG. 11. Recoil velocity as a function of recoil angle predicted focusing effect associated with large transverse recoil veloci-
by INC calculation[32] for reactions on®’Au induced by 1.3 GeV ties, the question remains as to why this feature of the angu-
p (top), 14 GeVp (middle), and 14 GeVp with E*>800 MeV lar distributions only appears above hadron beam energies in
(bottor). the range of 5-10 GeV. In Fig. 13, we show INC predictions

14GeV p + Au INC

V, (em/ns)

14GeV p + Au INC
E, > 800MaV
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FIG. 14. Simulations of angular distributions for carbon frag-
ments emitted from a residue at a temperatureT ef10 MeV,
assuming various recoil angles for the source, as indicated on the
figure. Two source velocities are shown, @O(deft pane) and
0.0 (right pane). All angular distributions are normalized to 1.0
at 180°.

< Vy,> [em/ns]

FIG. 13. INC prediction$32] of the average perpendicular ve-
locity versus the average longitudinal velocity for the-*7Au
reaction. Incident beam energies are indicated on the figure.

of the average velocity vectdivg) for residues withE*  distributions. In Fig. 16 the fits to the angular distributions,
>500 MeV produced in reactions of 600 MeV to 90 GeV gated on fragment energy for boron fragments are presented.
hadron beams with®’Au. With increasing beam energy, The transverse source accounts for about 80% of the yield at
becomes increasingly important. The most rapid growth octhe higher beam momentum, but only about 25% for the
curs between 1.0-5.0 GeV, followed by a nearly constantower beam momentum. This fit yields an average recoil
value above 10 GeV. angle of~80° for the 14.6 Ge\W data and a longitudinal-

To investigate the influence of collision kinematics on thesource velocity ofv~0.00&. Combined, the two sources
IMF angular distributions, we have performed a Monte Carlogive a satisfactory fit to the data.
simulation for a one-component moving-source that emits
fragments from a Au-like residue moving at a fixed an@le
with respect to the beam. The simulation assumes isotropic
emission in the source frame from residues with temperature
T=10 MeV and recoil velocities of 0.@land 0.02. The -
results for carbon fragments are shown in Fig. 14. For resi-'=

p 14.6
0=60.5°

T T

TN

due recoil angles of about 60° or less, only a monotonically- =
decreasing angular distribution results; i.e., no sideways 4
peaking. This is consistent with the observation of such an- 5
gular distributions at incident energies below 5 GeV, Where\uj
the INC simulations predict smaller recoil momenta for resi- ©
dues emitted at more-forward angles. On the other hand%
once the most probable recoil angle evolves beyond abou~_
60°, the coupling of the residue and the IMF velocity vectors ©
produces sideways-peaked angular distributions. Thus the
distribution of recoil angles for the residues strongly influ-
ences the probability for sideways peaking in the laboratory
system.

We have also performed a simple two-component
moving-source fit to the measured spectra, assuming one

T T

T T T AT

T T

© T

50 100

E (MeV)

do/dQ (arb. unit)

, _._,_.
f O
‘ i
/
J /
/ /
; /

0.6

50 100
@mb (deg

150

source is moving in the beam direction and the second is g 15 Moving-source fits to energy spectra for carbon frag-

focused at some average transverse angle, determined by thgnts at 60.5¢left panels and angular distributiongight panels

fit. Both sources assume isotropic emission in the SOUrCg&y the 14.6 GeVé (top) and 5.0 GeVé reactions(bottom). Two
frame. The fits are shown as the solid lines in the first twosources are assumed, one parallel to and the other perpendicular to
panels of Fig. 9 for fragments emitted fro),-=4 events the beam axis. Datéopen point are for carbon fragments and
forthe 5 GeVt 7~ and 14.6 Ge\W proton reactions. Fig- N,,-=4. Dashed line is the longitudinal source, solid line is the
ure 15 shows these fits to the carbon spectra and angulaerpendicular source, and broken line is the sum of these.
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8 forward peaking of the most energetic component. These
p 14.6 GeV/c £ /A (MeV) same arguments serve to explain the increase in the peak

angle as a function of IMF charge, since the average velocity
W 50-10 of the fragments decreases with increasinghus, the simu-
L] lation is consistent with a two-step mechanism in which a

sideways peak in the angular distributions is produced by
kinematic focusing of IMFs emitted from a hot residue with
significant transverse momentum.

Lol | ! | | ! L lun V. CONCLUSIONS

n 5 GeV/c In summary, we have performed exclusive studies that
E/A (MeV) investigate the origin of sideways peaking of IMFs produced
in hadron-heavy nucleus collisions. The effect becomes
prominent above about 10 Get/beam momentum and is
found to be most pronounced for high-multiplicity, low
kinetic-energy multifragmentation events. The peak angle in-
3.0-5.0 creases with increasing beam energy and IMF charge. Inves-
tigations of IMF-IMF angular correlations, multiplicity dis-
T tributions, and sphericity and coplanarity distributions
50 40 60 80 100 120 140 160 180 provide no “smoking gun” that would support arguments
for dynamical effects such as shock waves or the breakup of
@mb 1deg 1 exotic geometric shapes. Instead, it appears that the sideways
peaking of IMFs can be largely explained by kinematic-
FIG. 16. Moving source fitésolid lineg to energy-gated angular focusing effects associated with statistical/thermal multifrag-
distributions forz=5-9 fragments, as in Fig. 16. IMF energy in- mentation of a hot residue having a significant velocity com-
terval is indicated in the figure for each set of data points. ponent transverse to the beam axis. This is consistent with
) _ ) the observation that all other multifragmentation observables
To simulate the combined effects of recoil angle and staz,q insensitive to beam energy above about 5 GeV. Thus, if

tistical breakup, we have also examined the angular distribysy namical effects are present in the IMF data, they exist on a
tions predicted by a hybrid intranuclear cascade statistic ackground in which kinematic focusing of heavy recoils
multifragmentation modd33]. Such a model should provide cannot be ignored.

a schematic picture of the combined influence of the fast
cascade and statistical multifragment breakup on the angular
distributions. We have summed all IMFs wit=5-9 to
improve statistics. The model predictions are compared with The authors wish to thank V. D. Toneev for providing a
the relative correlation results in Fig. 5, normalized to eachversion of his Qesm code and Wolfgang Bauer, Pawel
of the trigger angular intervals. A qualitative consistency isDanielewicz and Scott Pratt for valuable discussions con-
observed. The inclusion of forward-peaked nonequilibriumcerning these results. The assistance of Hugh Brown, John
light-charged-particle and IMF emission in the model wouldGould, Bill McGahern, and Phil Pile at AGS was vital to the
improve the agreement. successful completion of these experiments. We also thank

The angular distributions predicted by the INC/SMM Bill Lozowski at IUCF for fabricating the targets. One of us
model for IMFs withE/A=1.2—-3, 3-5, and 5-10 MeV are (W.A.F.) acknowledges the support of the Indiana University
compared with the data in the right-hand panel of Fig. 9. Thednstitute for Advanced Study. Support for this research was
latter comparison demonstrates that significantly greater isoprovided by the U.S. Department of Energy, the National
ropy is expected for the low-energy IMFs relative to thoseScience Foundation, the National Sciences and Engineering
with higher energies. Accounting for prebreakup IMF emis-Research Council of Canada, and the Robert A. Welch Foun-
sions (~10-15% of the yieldd would further increase the dation.
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