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Results are presented of experimental investigations of the velocity spectra
of singly charged particles produced when particles of high energy (3.6
GeV/nucleon) interact with lead. The spectrum is observed to have a
characteristic feature, namely a maximum at 8 = 0.5. The results are
compared with the published data, with which they are in good
agreement.

PACS numbers: 25.70.Bc, 25.40.Rb, 25.50. — n

Much attention has been paid in the last few years to phenomena occuring in
nucleus—nucleus collisions at high energies of the incident particles (from several
hundred MeV/nucleon to several GeV/nucleon). These collisions are characterized by
a large particle density and large energy density in the interaction region. At present
this is apparently the only method of producing in nuclear matter extremal conditions
that differ greatly from the usual ones and make it possible to investigate the proper-
ties of nuclear matter in a wide range of temperatures and pressures. Great interest
attaches to the possibility of appreciably condensing nuclear matter in such collisions
and to the onset in this matter of motions of collective type.

The experimental research in this field is so far in the preliminary stage. The very
first studies,' whose main purpose was to search for nuclear shock waves, yielded
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contradictory results. Many experimental data were obtained in Refs. 1-4, where the
energy spectra of secondary particles emitted when heavy nuclei are bombarded by
accelerated ions (from «a particles to argon nuclei) were measured at various angles.

We thought it useful to investigate the velocity spectra of the reaction products,
since these spectra should reveal primarily the hydrodynamic aspects of the processes
of production and decay of highly excited nuclear matter inasmuch as hydrodynamic
motion is characterized by directional fluxes that determine the velocities of the par-
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FIG. 1. Velocity spectra of singly charged particles emitted in interactions of p, d, , and C" of energy 3.6
GeV/nucleon with a lead target.
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ticipating particles. This has in fact dictated the choice of the experimental proce-
dure—measurement of the time of flight of the secondary particles and of the energy
released in one of the detectors. Such a system measures the particle velocity and at
the same time identifies it by charge. The experimental method, the reduction proce-
dure, and the analysis of the experimental data will be described in detail in a separate
article. This method made it possible, in addition, to cover a wider range of emitted-
particle energy (v from 0.3 ¢ to ¢) than in experiments with total absorption (the AE-E
procedure),® a particularly important factor during the initial stage of the work.

Results of investigations of the velocity spectra of the products of the interaction
between a particles of energy 3.6 GeV/nucleon and a lead target, obtained with the
proton synchrotron of the High-Energy Laboratory of the Joint Institute for Nuclear
Research, were published earlier.’ In these spectra, besides the maximum at S~ 1 due
to the produced pions,® there was a clearly pronounced maximum at $=0.45-0.5 at
small observation angles (~ 30°), which become smoothed out when the angle was
increased to 75°. We have subsequently performed experiments on the velocity spectra
of the secondary particles emitted when a lead target is bombarded with protons,
deuterons, and C'? nuclei having the same energies per nucleon as the a particles. The
results of these investigations, together with the data of Ref 5., are shown in Fig. 1. It
is easily seen that whereas for the experiment with incident protons in the region of #
from 0.3 to the position of the pion peak the observed spectra decrease smoothly with
increasing S and have no singularities, in the case of bombardment by a particles or
C' nuclei the velocity spectra of the singly charged particles are a maximum at an
observation angle 30°. This maximum is more clearly pronounced if C'" ions are used
and is located at #=0.5 but is also observed, albeit less clearly, at 75°. The spectra
obtained by deuteron bombardment present so to speak an intermediate picture be-
tween the case of protons and heavier incident particles. The relative fraction of the
emitted pions also decreases with increasing angle.

A surprising singularity of the obtained spectra, besides the very existence of the
maximum, is the absence of a dependence (or a very weak dependence) of their posi-
tion first, on the total energy of the incident particle, and second on the observation
angle.

This result patently contradicts the fireball model,® which is widely used at pre-
sent to describe nuclear interactions at high energies.

To ascertain whether the observed effect is peculiar to energies of order of 4
GeV/nucleon, we have analyzed a number of the published experimental data ob-
tained with the Bevalac accelerator (Berkeley, California) with the aid of beams of
various heavy ions (from He* to Ar*) in the per-unit energy range 0.25—2.1 GeV/nu-
cleon. The measurement procedure made it possible to register secondary singly
charged particles in the energy interval 20—200 MeV/nucleon. The energy spectra
given in Ref. 3 were converted by us into velocity spectra. Some of these spectra are
shown in Fig. 2. It is easily seen that the character of the curves is similar to the
character of the curves from our experiments. The same singularities are observed:
maxima exist at §=~0.5; the position of the maximum does not depend or depends
weakly on the total energy of the incident particle; the maximum for the reaction
Ne® + U becomes smoothed out at larger angles and at relatively small energies 250
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and 400 MeV/nucleon; its position depends very little on the scattering angle in the
interactions of Ne? and Ar* with U nuclei at large total energies (2.1 GeV/nucleon)
and 400 MeV/nucleon), respectively.

It should be noted that so far we have dealt with inclusive spectra, although great
interest attaches to the change that occurs in the picture when events with high multi-
plicity are picked out. Data of this type were converted by us into a velocity represen-
tation. The results of the reduction point to the presence of a maximum in the velocity
spectra at small observation angles, but it is still difficult to deduce its position.

In conclusion it must be stated that the origin of the maximum in the velocity
spectra has not yet found its due theoretical explanation. It is only clear that this form
and behavior of the velocity spectrum with changing observation conditions cannot be
described on the basis of the fireball model, nor on the basis of the so called firestreak
model, which is a development of the former. Further more extensive experimental
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and theoretical investigations are needed for a complete understanding of the occuring
phenomena.

The authors take the opportunity to thank A.M. Baldin for interest in the work
and useful discussions, I.P. Semenyushkin, L.G. Makarov, L.B. Issinskii, and S.A.
Novikov for help with organizing and performing experiments with the proton synch-
rotron of the High-Energy Laboratory of the Joint Institute for Nuclear Research, to
the entire crew of this accelerator for a fault-free operation. The authors thank V.V,
Paramonov, A.A. Kurashov, A.A. Tsvetkov, and A.A. Vinogradov for developing the
measuring system and for help with the measurements.

‘A.M. Poskanzer, R.G. Sextro, A. M. Zebelman, H.H. Gutbrod, A. Sandoval, and R. Stock, Phys. Rev. Lett.
35, 1701 (197%).

!G.D. Westfall, J. Gosset, P.J. Johansen, A.M. Poskanzer, W.G. Meyer, H.H. Gutbrod, A. Sandoval, and
R. Stock, Phys. Rev. Lett. 37, 1202 (1976).

’J. Gosset, H.H. Gutbrod, W.G. Meyer, A M. Poskanzer, A. Sandoval, R. Stock, and G.D. Westfall, Phys.
Rev. C 16, 629 (1977).

‘A.M. Poskanzer, Proc. Internat. Conf. on Nucl. Structure, Tokyo, Japan, Sept. 5-10, 1977.

*K.V. Karadzhev, E.A. Kuz'min, A.A. Kurashov, V.I. Man’ko, A.A. Ogloblin, V.V. Paramonov, A.A.
Tsvetkov, and G.B. Yan’kov, Abstracts and Papers at Twenty-eighth Conf. on Nuclear Spectroscopy and
Structure of the Atomic Nucleus, Alma-Ata, March 28-31 1978.

°P.A. Pirone and A.J.S. Smith, Phys. Rev. 148, 1315 (1966).

565 JETP Lett., Vol. 28, No. 9, 5 November 1978 Antonenko et al. 565



