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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
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United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not neccssarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



OOJ%‘%Ué&ﬁf

Submitted to Phys. Rev. Letters LBL-4309 Rev,

SEARCH FOR FRAGMENT EMISSION FROM
NUCLEAR SHOCK WAVES*
A. M. Poskanzer, R. G. Sextro, A. M. Zebelman
Lawrence Berkeley Laboratory R
University of California ] "
Berkeley, California 94720 '
H. H. Gutbrod

Gesellschaft flir Schwerionenforschung,
Darmstadt, Germany

A. Sandoval and R. Stock ‘
Fachbereich Physik

Universitdt Marburg
Marburg, Germany

ABSTRACT
Energy spectra and angular distribqtions have been measured of
3He and L’He fragments émitted from Ag and U.targets, bombarded with
protons of 2.7 GeV, and o particles and 169 ioné'ofjl.OS GeV/nucl. All
cross sections increase dramatically with projectile mass: No narrow

peaks are found in the angular distributions or.in the energy spectra.
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For central collisionsvof nuclei at relativistié energies, reéent
theoretical investigationsl'§ have focused on the.question.of how large
amoﬁnts-of'energy énd momentum are transferred ffom-projectile to target
nucleons, and:on the early events in fhe evolutioh of hbt, high dénsity

regions as thermal equilibrium is approached;kah particular, the forma-

tion of squifts of nuclear matter, or of nuclear shock waves’ carrying

large transverse momentum and compressional energy have been predictedz's.

" These would be formed in central collisions if the projectile velocity

exceeds the nuclear sound velocity voN'O.Zc. The models are in disagree-
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ment about the angles in the lab system at whichyemission shoﬁld occur,
somé predicting3’" a narrow peak at angles ranging from 25° to“45° depend-
ing syétematically on the incident energy while others anticipate a broad
range of fofward angles for the fragmentss. There is agreement, however,
as to ;ﬂé expectation that such processeé éhould-have a high fragment
multiplicity, with energies ranging far abéve the evaporative domain.

In én'ekperiment with Lexan foil detectofs;‘Cranord gg_él.g.investi—
gated fragments resulting frbm the interaction of:a>2.1 GeV/nucl 12C beam
with Au.' Non—evapprative tails in the spectra were observed but angular
distributions showed no significanf peaks.' Kullberg and Otterlund? have

~studied the emission of o particles produced in nuclear emulsions by ﬁéavy
cosmic ray.nuclei. The angular distributions deviate markedly from evapora-
tion model predictions at angles'arouﬁd 45°.'_The'authors‘querve that the
high energyva pértiCIes resﬁlt pfimariiy from'high multiplicity (sﬁar event)
target fragmentations.10

Thé most provocative experiment thus far is a recent study of prbng
angular distributions of star events produced in AgCl crystals iradiated
with 0.87.GeV/nucl 160 ions by Schopper's group_ét-Frankfurt.3 They
report'the’oﬁservation of narrow peaking in do/d6 at 40°, wiﬁh'an angular
width of about 20° (FWHM). The prongs analyzed in fhat exﬁeriment are
due to protohs 1éss thaﬁ 28.MeV and He nuclei less thén‘ZOO MeV/nucl, with
no further discrimination with respect to energy and isotope. Theupéak
is only pronounced when data with large prong multiﬁlicity are seleqted.

We havé.therefore undertékén a study aﬁ the Bevalac of target

fragmen; energy spectra and angular distributions with a AE-E counter
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telescope that would identify He fragments with 15 € E/nucl < 150 MeV.
~The beams used were protons of 2.7 GeV, o particlesvof 0.7 and 1.05
GeV/hucl and 160 ions of 1.05 GeV/nucl. ‘Averagévparticle fluxes were
108 particles.pér beam burst. Targets of nétural silver and uranium,
about 200 to 300 mg/cm? thick, were méunted in a scattering chamber
equipped with a detector telescope consisting éf a 1 mm thick Si trans-
mission counter as a AE detector, and a 5 cm thick plastic scintillator
(filot B) coupled to a 2.5 cm diameter phototube as an E detector. The
telescope waS'mountedVZS cm frqm the target and subtended a solid angle
of 5 msr. |

The energy calibration of the spectra was obtained forbeach kind of
particle from the AE"signalsyin the surface bafrier detector, ﬁsing the
known relation between energy loss in the AE counter and total kinetic
energy. The overall energy resolution was better than 5%. The accessible
energy range in MeV/nucl for 3He and “He ions stopped in the second
detector was 20 to 95 and 15 to 80, respectively. Howéver, qwing to the
good sepération of 3He and “He branéhes in the AE-E plot, it was possible
to identify 3He'particles that were not completely stopped, following their
spectra up to about 160 MeV/nucl.

The beam intensities were monitored!l with an ionization chamber
assuming that its output is proportiomnal to Z2. The relative cross
sections from the proton, “He and 160 beams on the same tafget; should
be accurate to better than 20%. 'The overall normélization.of the
‘absolute croés secéionvscale was determined within'iSOZ by matching the
present data to spectfa obféined previously in the vicinity of the low

energy evaporation peaks.!2
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Spectra are shown in Fig. 1 for 3He and “He'emission at 20° in the
lab system from a U target bombarded with several projectiles and energies.
For energies above 50 MeV/nucl, the cross sections increase by more than
an order of magnifude as the projectile changes from p to “He, and from
“He to 169, The 3He Séectrum from 160 + U is;remarkably flat, with cross
sections above 1 mb/MeV+sr even aﬁ 150 MeV/nucl.

A comparison of 3He and “He double differéﬁtial spectré from the .
160 + U interaction is shown inkFig. 2. The “He spectra decay much
faster towards higher energies than the J3He spectra, with the latter
showing higher cross sections above.about 30 MéV/nucl. It is obvious
- that the spectra cannot be understood by a simpie evaporaﬁion process
because.the "nucleéar temperatures” (60 MeV for 3He, 38 MeV for “He) are

far too high.

“From Fig. 2 it is clear that the angular distributions do nbt show ‘
pronouncéd-maxima. At about 20 MeV/nucl'thevdifferential cross sections
are only soﬁewhat forward peaked, but at higher energies'they are strongly
forwafd peaked. For 3He.prodﬁced from 160 + Ag, the angular distributions
arevshown in'Fig. 3 forbfour sucéessive bins of energy. We haye plotted
do/de = do/dQ sin6® here énly in order to facilitate a éomparison with the
data of Baumgardt et al.} ~ The peak in do/de has a width of about 60°
(FWHM) ; its posifion shifts from 58° in the low energy bin to about 30°
above 100 MeV/nﬁci where the angular distributions show iittle further

change in shape. The same behaviour is observed for alliother combina-
tions of target, projectile and reaction product. No narrow peaking
gompérablé with the 20°»width observed by Baumgardt et al. is found.

If one assumes the correspondence reported by Kullberg and Otterlund?

-
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between high energ§ He emission and high prong multiplicity, our data
are in disagfeement with those of Baumgardt et al. concerning the shape
of the angular distributions. The angular distributions, as do/dQ,
integrated over all energies detected in this experiﬁent are given in

P .
Fig. 4. They show forward peaking with leveling off towards angles 6 < 40°,
The preliminary numerical calculations® of the tﬁo dimensional relativistic
hydrodynamics for the 160 + Ag interaction are in qualitative agreement
with these angular distributions, but the energy spectra do not agree.

Even though our data are not selected for high multiplicity events
we may still compare our absolute cross sectioné to those of Baumgardt
;EE.EL' For their 20° wide peak at 40° they reportl!3 do/dg = 0.7‘b/sr..

It would be difficult to hide such a peak under the smooth curves in
Fig. 4 for 1 GeV/nucl 166 on Ag. In addition, if their cross section were
Sp:ead uniformly over their observable energy rénge of 200 MeV/nucl,
d25/dQdE would be about 1 mb/MeV-sr. Our curves for the Ag target (like
those in Fng 2 but down by a factor of 2%) are smooth in both energy

and angie,'and at 40°'dro§'bélow this valﬁe at 35 and 60 MeV/nucl fof “He
and 3He, respectively. Thus we may coﬁclude, withoutbany assumptions
about high multiplicity stars, that the events of”Baumgardt et al. are

not dominately due to high energy'He nuclei.

In conclusion, our data present evidence for the non-evaporative
emission of 3He and, to a somewhat lesser exgent,‘“He producfs in
coliisions between relativistic heavy ions. The cross sections for thése
high energy products. are two Fo three orders of magnitude higher than those
vfound for proton induced reactions at comparable incident velocity.l* This

points towards a cooperative mechanism that cannot be explained by
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geometrical considerations or by an independent superposition of

nucleon induced knockon cascades.

We would like to thank Drs. W. Greinmer, E. Schopper, J. R. Nix,

and P. G. Siemens for useful discussions.
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FIGURE CAPTIONS
Fig. 1. Comﬁarisoh of 3He'(upper part) and'“He‘(lower part) spectra at.
206 (1ab) obtained upon bombardment of a.uranium target with -
protons of 2.7 GeV, o particles and 160 ions with 1.05 GeV/nuél.
The data points are shown for the 180 + U spectra. For p + U
dashed curQes are shown for the 1§w enefgy evaporation spectra
obtained'previously,(ref.:12).
. Fig. 2. Double differential cross sections for 3He (upper part) and
“He (lower part) produced by 10 of 1.05 GeV/nucl. on uranium
as a function of laBoratory'angle. Data ppints are shown at 20°
and 60° to indicate the_étatistical qualify of the data.
Fig. 3. Differential cross sections pef unit angle, do/d6, of 3He
| fragments emitted in various energy domains between 20 and
150 MeV/nucl from 160 + Ag at 1.05 GeV/chl incident energy.
Fig. 4. Angular distributions of 3He and “He fragments observed with

“He and 160 projectiles on Ag and U targets.
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Fig. 4
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