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Pion Production in High-Energy Nucleus-Nucleus Collisions
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Negative-pion multiplicity (n ) was measured over the range of participant nucleon number
80 ~ A ~ 270 for incident energies from 530 to 1350 MeV/nucleon in the La+La system. The (n„) is
proportional to A and increases linearly with the c.m. energy. Thermal and potential energies, and tem-
peratures of the maximum-density phase of the collision are extracted from the data. The results require
a stiff' nuclear-matter equation of state.

PACS numbers: 25.70.Np

Determining the response of nuclear matter to extreme
changes in temperature and density is important to the
understanding of eff'ective baryon-baryon interactions'
as well as supernova explosions and neutron-star forma-
tion and structure. Recent studies of relativistic
nucleus-nucleus collisions have shown that particle
production, in the form of pions and kaons, provides in-
formation on the kinetic energy available in the high-
density stage of the reaction. The potential, and thus
compressional, energy can then be determined by use of
the total initial energy and energy conservation. Oth-
ers ' have studied the decompression stage of the reac-
tion, finding that some of the compressional energy reap-
pears in asymmetric flow of matter. Since initial
eft'orts to extract the compressional energy from pion
multiplicities employed the relatively light Ar+KC1 sys-
tem and led to a surprisingly stifI equation of state, it is
important to extend this study to heavier nuclei to inves-
tigate the degree to which surface eA'ects and other size
phenomena may aA'ect the conclusions.

Negative-pion production in collisions of ' La+ ' La
was studied in the Bevalac Streamer Chamber at in-

cident laboratory energies of 530, 740, 990, 1200, and
1350 MeV/nucleon. Minimum-bias, semicentral, and

central trigger configurations' were employed at each
incident energy. In a geometric model, these triggers
correspond to impact parameters b & b,„, b & 0.73b
and b & 0.24b, „, respectively. Extrapolation to zero
impact parameter as done previously with the lighter
Ar+KC1 system is difficult for the heavy system because
of the presence of a larger number and variety of nuclear
fragments. Only after implementation of a 384-element
scintillator array, covering angles 01,b & 18, was this ex-
trapolation possible. It provided position, charge, and
time-of-flight information allowing extraction of the total
spectator charge and, by subtraction, the number of par-
ticipant protons in each event. The negative-pion multi-
plicities were determined by our scanning and measuring
tracks on film. The participant and pion information
were then correlated event by event.

Projectile spectators were identified in the array by
pulse height, emission angle, and time of flight. The
minimum-bias trigger, which selects mostly peripheral
collisions dominated by spectator emission, was used at
each incident energy to determine the spectator windows
on these quantities: (a) The dE/dx spectrum which
yields projectile spectator charge was calibrated with
fragmentation products from Ne and La beams. Unit
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interacting nuclei is changed from Ar+KCl to La+La
and as the interaction volume is changed by variation of
the trigger conditions, demonstrates that pion production
is a bulk nuclear-matter probe rather than a surface
probe. An A ~3 dependence' of (n ) is strictly ruled out

by these data.
In the past we have suggested that the pion abun-

dance per participant (n )/A is determined at the end of
the high-density stage of the reaction before expansion,
rendering (n )/A a sensitive probe of the compressed fire-
ball, unaffected by the expansion phase. The mass in-
dependence of (n )/A supports that assumption since the
expansion dynamics should depend strongly on mass.
For example, the expansion rate, or volume doubling
time, should increase as 2 ' . If the pion yield readjusts
during expansion, a reduced (n )/A ratio would be ex-
pected in heavier systems, ' contrary to what is observed.

Assuming that the pion abundance reflects the thermal
energy per baryon of the high-density stage, our results
can be used to determine the thermal energy in a way
that is independent of the dynamics of the collision pro-
cess. Figure 2 includes the results of thermal-model cal-
culations, ' for an equilibrium mixture of nucleons, del-
tas, and pions. The (n,)/A ratio increases with the c.m.
energy per nucleon, but with a steeper slope than the
data. The reduced pion yield results from excitation of
nonthermal degrees of freedom of the nuclear medium
such as the potential energy stored in compression, and
from off-shell mass effects. ' Medium influences on the
observed pion yield are presently under investigation. '

Pending results of those studies, let us examine the
consequences of the simple assumption that the main
influence arises from conversion of kinetic into potential
energy, implicit in our previous efforts to link the
(n )/A ratio to the nuclear-matter equation of state.

The "missing" potential energy, inactive as far as par-
ticle production is concerned, can be determined from
Fig. 2. It is the difference between the c.m. energy of the
experiment, which is the total available energy, and the
thermal energy which is the energy necessary in the
thermal model to create the observed (n )/A ratio. The
results are displayed in Fig. 3(a). Plotted is the missing
energy per nucleon, E~'/A, at each incident c.m. energy
of the Ar+KC1 and La+La experiments. E~'/A is the
increase of potential energy per participant nucleon ex-
pended in going from initial ground-state nuclear density

po to the density p reached at each of the incident ener-
gies. In dynamical models this density p(E, /A) is a
monotonically increasing function of E,m/A. Note that
the fraction of initial c.m. energy that is transformed
into potential energy rises from 13% at 125 MeV/nu-
cleon to 33% at 380 MeV/nucleon.

It is of specific theoretical interest to relate the poten-
tial energy to the nuclear density, within the limitations
of the present approach. The cascade and the one-
dimensional Rankine-Hugoniot shock compression
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FIG. 3. (a) The potential energy as a function of c.m. ener-

gy derived from Fig. 2 as described in the text. (b) The fireball
temperatures derived from the pion-multiplicity data and the
thermal model (Ref. 14).

models were previously used to ascertain density (p/pp)
at each bombaring energy. E~'/A can be determined
from the data, as shown above. The nuclear-matter
energy-density relation is

W(plpp) = (E~'/A ) (plpp) + 21 '(p/pp)

+ W(p/p, =1), (1)

where the second term approximates' the Fermi-energy
contribution to the ground-state energy and the third,
constant term is the binding energy at p/pp= 1. As
dynamical models contribute additional uncertainty to
the determination of W'(p/pp) we do not pursue this re-
sult in detail. It is suScient to note that all dynamical
models "' ' predict nuclear density to reach a value of
p/pp =3.5 + 0.5 at 400 MeV/nucleon c.m. energy. From
Fig. 3(a) and Eq. (1) we then obtain the estimate
W=145+' 35 MeV at p/pp =3.5. This corresponds to an
extremely "stiff" nuclear-matter equation of state com-
pared to that used in nuclear-matter calculations at
T =0, where W(p/pp =3.5) =40 MeV.

Baron and co-workers' have recently argued that a
significant fraction of the apparent stiffness of the equa-
tion of state in nuclear collisions should result from the
high relative baryon velocities, characteristic of high
densities and temperatures in the fireball. The tempera-
tures reached in the fireball can be determined from the
thermal energy per nucleon extracted from the data in

Fig. 2. The corresponding temperatures are displayed in
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Fig. 3(b). They increase monotonically from 55 to 80
MeV over the energy range of the present experiment
and up to 95 MeV for Ar+KC1. A similar result has re-
cently been reported by Hahn and Stocker. ' These
temperatures are to be distinguished clearly from "tern-
peratures" extracted from the energy spectra which are
afI'ected by expansion dynamics, including flow, and for
the pion by decay kinematics of the delta resonance.

In summary, we have investigated pion production for
La+La and found a linear dependence both on the parti-
cipant nucleon number, which reflects fireball size, and
on the incident energy. The relative pion abundance,
(n )/8, is the same for 140+140 and 40+40 collisions
over the Bevalac energy range. This A scaling of the
pion multiplicity contradicts intuitive arguments con-
cerning size-dependent absorption losses. Estimates of
the fireball temperatures and the potential part of the
compressional energy were presented. A very stiA
nuclear-matter equation of state is predicted from
nucleus-nucleus collisions.
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