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ABSTRACT
A siﬁple model is proposed for the emission of nucleons with
velocities intermediate between those of the target and projectile in
relativistic héavy ion collisions. 1In this model the nucleons which
are mutually swept out from the target and projectiie form a hot
quasi-equilibrated fireball which decays as an ideal gas. The overall
features of thé proton inclusive spectfa from 250 and 400 MéV/nucleqn
0Ne ions and 400 MEV/nucleoh 4He ions interacting with uranium are
fit without any adjustable parameters. The model has been extended
to higher bombarding energies by including the excited baryon states
through the "bootstrap'" condition. However, in order to fit the
. _ shape of the spectra from 2.1 GeV/nucleon 20Ne ions on uranium, it is
necessary to assume-that only a part of the origingl longitudinal
momeﬁtum between the projectile aﬁd the target components of the fireball

is dissipated into heat.
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In relativistic heavy ion reactions both projectile fragmentation
and target evaporation2 are, to a certain extent, qualitatively
understood. In the intermediaterelocity region the emission of
composite pérticles can now be understood as the coalescence of nucleons
close to each other in momentum space due to final state interactions.
Calculations of the nucleon spectra in this intermediate velocity region
are presently being attempted with cascade models,4 relativistic
hydrodynamics,5 and classical microscopic scattering models.6 A very
simple model is proposed here consisting of a fireball, formed from the
nucleonsrmutually swept out from the target and projectile, which
decays as an ideal gas. The model uses the geometrical concepts of
the abrasion model,7 the ffee expanéion of an ideal gas, and for the
extension to‘higher energies, the statistical thérmodynamics of strong
interactions by Hagedorn.8 The Hagedorn thermodynamics has been
applied, with a temperature fitting procedure, to medium energy proton-

~
nucleus r_eactions,9 and its use for relativisfic heavy ion collisions
has been pointed out by Chapline et al.10 Our model fits the gross
features of the existing data on proton inclusive spectra in this
intermediate’yelocity region. The agreement of this geometrical,
thermodynamic model with the data presents a challenge to understand
its success microscopically.

The geOmétrical concepts of this model aré illustrated in Fig. 1.
It is assumed that the target and projectile are spheres with radius

equal to 1.2A1/3

, and that the projectile and target make clean
cylindrical cuts through each other,7 leaving a spectator piece of

the target and, if the impact parameter is large enough, also a
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spectator piece of the projectile. These spectator pieces eventually
lead to the products of target spallation and projectile fragmentation,
which are not considered further in:the present letter. One can
calculate as a funétion of impact parameter (b), the humber (N) of
nucleons swept out from both the projectile and target. From kinematics
the laboratory velocity (B) of the center of mass of the swept-out
nucleons is then calculated. In the center of mass of these nucleons
the available enérgy per nucleon (€) is assumed to be tﬁeir kinetic
energy minus 8 MeV binding energy. Figure 2 shows these quantities as
a function of impact parametef for the case of 250 MeV/ﬁucleon ONe
ions impinging on uranium. It is then assumed that the available energy
in the center of mass heats up the swept-out nucleons leading to a
quasi-equilibrated nuclear "fireball". The fireball is treated
relativistically as an ideal gas whose temperature (T) is determined

by the available energy per nucleon.11 At the 250 and 400 MeV/nucleon
incident energies € =~ (3/2)T, and one has a Manell—Bolﬁzmann energy
distribution. At the higher bombarding energy of 2.1 GeV/nucleon, €
is much bigger, of the order of 350 MeV/nucleon. This energy may go
into internal excitation of the nucleons to baryon resonances as well
as into randomized kinetic energy of the nucleons. A different
thermodynamics has to be used to include this increase in the density
of states. We used. the mass spectrum obfained by Hagedorn12 ffom the
bootstrap condition to relate a temperature to the available energy.
However, in the calculation of the final proton spectra, the variogs

deexcitation modes of the isobars, including the recoil from pion

emission, were neglected.
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The laboratory distributions are calculated‘assuming isotropic
decay in the rest frame of the fireball, transforming relativistically
to the laboratory frame, and summing over all imﬁact parameters. The
importance of each impact parameter ;s given by the number of protons
in the fireball times 27Tb, and this weight is sﬁown at the bottom of
Fig. 2 for 20Ne on uranium. The characteristics of the fireball for the
impact parameter at the maximum weight are listed in Table I.

The experimental proton spectra obtained iﬁféur previous
experimentB_are shpwn in Fig. 3. The spectra at the lower proton
energies probably include a contribution from the proton evaporation
from the target residue, but exclude those protons which have coalesced
into compdsite particles.3 Also at 250 MeV/nuclebn incident energy
the most forward angle probably includes some contribution from fragment-
ation of the projectile residue. Considering these points, the overall
agreement with.the 250 and 400 MeV/nucleon data is good.13 Notice that
the coﬁsiderably lower cross sections with the He projectile are also
described and that there are no adjustable parameters in the qalculation.

At 2.1 GeV/nucleon the calculation, even including the Hagedorn
mass spectrum, fails to describe the data as shown by the solid lines
in Fig. 3 because it predicts values of T and B which are too large.

One way to describe the shape of the data is to assume (dashed curves)
that there are separate projectile and target fireballs and that only 25%
of their original'relative longitudinal momentum in their center of mass
is randomized and dissipated into heating both to the same temperature.
In contrast, at the lower bombarding energies it,&as found that a poor
fit to the data was obtained when one assumed tha;,iess than 757% of

the relative momentum was randomized.
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In the present model it has been assumed that the fireball
cbnsists of only the nucleoﬁs in the swept-out region. However, for
small impact parameters one can imagine that the projectile never
penetrates through the target and thus the available energy is shared
among all the nucleons in the target and projectile. A straight-forward
calculation for 400 MeV/nucleon 2ONe on uranium giveé T = 13.5 MeV and
B = 0.076 for the entire system. This "target exploéibn" could account
for a large part of the discrepancy at the lower proton‘energies.

The surprising success of the simple model for proton inclusive
spectra indicates the importance of the use of thermodynamic concepts
in relativistic ﬁeavy ion reactions. The large number of swept-out
nucleons combined with an anticipated fairly large number of interactions
per particle is prgsumably responsiblerfor a quasi-equilibrated system,
the fireball, which can then be described in terms of ﬁean values and
statistical distribﬁtions.

The present model also enables us to predict nucleon multiplicities
and with some modification pion inclusive spectra. and multipiicities.
However, the model does not give any answer as to how the system evolves
from the original pieces of cold nuclegr matter to the heated fireball.
We have assumed in the present work that energy stored in other modes
during this procéss, e.g., in a compression mode, is fully transformed
into thermal energy by the time the nucleons no longer feel any mutual
interaction. Hopefully, more detailed or more exclusive measurements
in the future will-réveal possible effects of these modes. However,
where previously it was not even known if sufficient équilibration was

established in relativistic heavy ion reactions to use ‘the concept



of an equation of state, such an approach now seems more promising.
The authors are grateful to W. I. Swiatecki, J. Huffner, and
M. S. Weiss for valuable comments and discussions. One of us (PJJ)

gratefully acknowledges a scholarship from the Danish Research Council.



-6-
REFERENCES

* .
This work was done with support from the U. S. Energy Research and
Development Administration, and from the Bundesminister fur Forschung

und Technologie, W. Germany.

*% .
Permanent address: DPhN/ME, Centre d'Etudes Nucléaires de Saclay,

91190 Gif-sur-Yvette, France

+Permanent address: Niels Bohr Institute, University of Copenhagen,
DK-2100 Copenhagen, Denmark. : '

1. D. E. Greiner, P. J. Lindstrom, H. H. Heckman, B. Cork and
F. S. Bieser, Phys. Rev. Letters 35, 152 (1975).
A. S. Goldhaberi Phys. Letters B 53, 306 (1974).
J. Huffner, K. Schafer and B. Schurmann, Phys. Rev. C 12, 1888 (1975).
2. A. M. Zebelman, A. M. Poskanzer, J. D. Bowman, R. G. Sextro and
'V. E. Viola, Jr., Phys. Rev. C 11, 1280 (1975).
A. M. Poskanzer, A. Sandoval, R. G. Sextro, A. M. Zebelman and
H. H. Gutbrdd, unpublished data.
3. H. H. Gutbrod, A. Sandoval, P. J. Johansen, A. M. Poskanzer,
J. Gosset, W. G. Meyer, G. D. Westfall and R. Stock, Phys..Rev.
Letters, to be published.
4. H. W. Bertini, T. A. Gabriel and R. T. Santoro, Phys. Rev. C 9,
522 (1974).
R. K. Smith, private communication (1976).
5. A. A. Amsden, G. F>. Bertsch, F. H. Harlow and J. R. Nix, Phys. Rev.
Letters 35, 905 (1975).
6. J. P. Bondorf, S. Garpman, E. C. Halbert and P. J. Siemens, to be
published (1976). A. R. Bodmer and L. Wilets, privéte communication (1976).
7. J. D. Bowman, W. J. Swiatecki énd C.-F. Tsang, LBL-2908

(TID-4500—R61),'unpublished report (1973).



8.

10.

11.

12.

13.

DO U045 0486 g

-7-

R. Hagedorn, Cargése Lectures in Physics VI, E. Schatzmann, ed.

(Gordon and Breach, 1973), p. 643.

J. P. Alard, et al., Nuovo Cimento A 30, 320 (1975).

G. F. Chapline, M. H. Johnson, E. Teller, and M. S. Weisé, Phys.
Rev. D 8, 4302 (1973).

L. D. Landau and E. M. Lifshitz, Statistical Physics (Addison-

Wesley, NY, 1969), p. 110.

R. Hagedorn and J. Ranft, Nuovo Cimento 6, 300 (1968).

To test the sensitivity to the assumption of a Maxwellian-like
distribution function, a rectangular distribution function with
the same first and second moments was tried, but the results bore

no resemblance to the data.



-8-

Table I. Calculated properties of. the fireball at the impact parameter
with the maximum weight (bp,) on a uranium target.

Projectile B b (fm)

(MeV/nucleon) _' inc nw T N  e(MeV/Nucl.) T(MeV) B
20

250 Ne 0.61 4.8 64 44 29 0.22

400 Zogg 0.71 4.8 64 74 49 0.27

400 “He 0.71 4.7 25 51 34 0.17

2100 2One 0.95 4.8 64 363 92 0.56
20

2100~ Ne 0.95 4.8 64 . 133 66 0.14,0.91

lAssumes that there are separate, equal temperature, projectile and
target fireballs and that only 25% of their original relative longi-
tudinal momentum in their center of mass was dissipated into heat (g).
According to the equation of state used, about 28 MeV/nucleon of the
value ofJE is used in making baryon excited states.




-9-

FIGURE . CAPTIONS

Fig. 1. A neon nucleus is incident on the uranium nucleus with a
velocity Binc in the laboratory frame ané‘impact parameter b.
The swept out nucleons from the projectile and target are

, calied the fireball, and their center of mass has the velocity

B in the laboratory frame.

Fig. 2. Calculated quantities as a function of imﬁact parameter b
for 250 MeV/nucleon 20Ne on uranium. N is the number of
nucleons in the fireball, B is the laboratory velocity of the
firebéll, € is the available energy per nucleon in the center
of mass of the fireball, and "weight" is the number of protons
in the fireball times 2mb. ‘The arrow indicates the radius
of uranium. : |

Fig. 3. Measured proton inclusive spectra from a uranium target at
30, 60, 90, 120 and 150° in the laboratory arranged in
decreasing order. When less than five sets of data are shown
the backward angles are missing. The solid lines are calculated
wifh the fireball modelf For the 2.1 GeV/nucleon 20Ne on uranium
case the data normalization‘is uncertain by a factor of two.
The dashed lines for this case, which have been raised by a
factor of 2.5 to fit the data are calculated assuming thét there
are separate, equal temperature, projectile and target fireballs
and that only 25% of their original relative longitudinal

momentum in their center of mass was dissipated into heat.
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