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seen that the results of our analysis contain more
high-momentum components in the 0.2- to 0.5-
GeV/c region than any of the models, and dis-
agree with one (e,e’p) experiment, but agree
with the other.

As with the (e,e’t) experiments, a full study of
all the processes that could complicate the inter-
pretation of the inclusive electron measurements
in terms of the plane-wave impulse approximation
and nonrelativistic wave functions must be under-
taken before any definite conclusions can be
drawn. The result remains, however, that any
theory must be able to explain the impressive
experimental observation that nucleon scaling
unifies inclusive electron-scattering data for the
three lightest nuclei over a large kinematic re-
gion and for y values that imply very short dis-
tances within the nucleus.
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The role of mean free paths of product particles in high-energy nuclear collisions
has been studied. In inclusive energy spectra the observed slope difference among p,
7, and K* can be interpreted as due to the difference in mean free paths of these par-
ticles, suggesting that particles with longer mean free paths probe most sensitively
the early, highly excited, hot phase of the collision. With use of the data of pp and 77
interferometries further discussions on the space-time evolution of the system are

developed.
PACS numbers: 25.70.Bc, 25.70.Fg

One of the main goals in the research of high-
energy nucleus-nucleus collisions is to probe ex-
perimentally the highly excited, compressed, hot
phase of nuclear matter. Obviously, a nuclear
collision is time dependent, and, as demonstrat-
ed in cascade calculations,' the time interval dur-
ing which the system is at this hot phase would be
of the order of (2-3)x 10"%®* s, Unfortunately,
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particles detected by actual experiments, such as
p, m, K, etc., will record the entire (time-inte-
grated) history of the collision. Thus, an impor-
tant question to ask here is whether a particular
type of these particles can most sensitively probe
this hot phase. In this Letter I first discuss this
question using the data of inclusive energy spec-
tra of p,m, and K*.
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Once we have obtained an answer to the above
question, the next important question to ask is if
we can study the space-time evolution of the sys-
tem, and, in particular, how the system is going
to expand after the collision and how the hot bary-
onic system dissipates into final observed parti-
cles. I discuss this question using the data of
two-particle correlations.

In single-particle inclusive spectra for p and 7
the observed invariant cross sections at 90° ¢.m.
(from nearly equal-mass collisions) are approx-
imately expressed as®

E([d30/dp®) <« exp(- ES-™/E ). (1)

where E ™ is the kinetic energy of the observed
particle in the c.m. frame and E, is a parameter.
As shown in Ref. 2, the value of E, increases
monotonically as the beam energy increases, and,
in addition, E, is consistently smaller for 7 than
for p.

In the thermal model this E, is approximately
equal to the temperature 7. Therefore, within
the framework of this model the value of E, must
be the same for p and 7, since they are emitted
from a common thermal bath.®"® This is incon-
sistent with the data. In order to overcome this
difficulty Siemans and Rasmussen® have proposed
a model of a radially expanding flow, At a fixed
kinetic energy of emitted particles, the velocity
of protons is much smaller than that of pions, be-
cause m,>m,. Therefore, if a radially expand-
ing flow is superposed on the thermal spectra,
the slower particles (p) are influenced more by
this flow than are the faster particles (7). In oth-
er words, there will be a greater enhancement
in kinetic energy for protons than for pions. This
idea explains reasonably well the observed differ-
ence in E, between p and 7. i

From the point of view of the phase space of in-
dividual NN collisions, the observed slope differ-
ence also seems reasonable. In order to produce
pions the 140-MeV rest-mass energy has to be
supplied. Then, if the total energy were fixed,
less kinetic energy would be available for the
emission of 7 than for the emission of p. This
mechanism would, thus, result in E,(7) <E, (p).
In fact, on the basis of this idea the available da-
ta have been explained reasonably well.” 8

Although the above two mechanisms seem to be
successful in explaining the observed slope dif-
ference, I point out here that neither model has
considered carefully the final-state interactions
among particles produced in a collision, especial-
ly interactions between the emitted particles and

1384

the hot baryonic system created in a collision. A
macroscopic quantity which describes these inter-
actions is the mean free path, x. Since o(7N)
~100-200 mb is larger than o(NN)=~40 mb, x(p)
is larger than A (7) in nuclear matter. Therefore,
pions would be rescattered more frequently than
protons. Since the system would eventually be
cooled down as time proceeds, pions would sam-
ple a later, and thus colder, stage of the system
more sensitively than would protons, because of
these frequent rescatterings. This mechanism
induces again E (1) <E,(p). Therefore, all three
possibilities above support the experimental fact
that E, for 7 is smaller than E, for p.

In order to clarify this point we discuss next
the K* spectra which have been measured recent-
ly by Schnetzer efal.® The observed spectrum
shape is again exponential. In addition, as point-
ed out in Ref. 9, the value of E, for K* is larger
than that for p and 7. For example, in Ne+NaF
collisions at 2.1 GeV/nucleon, E,~ 142 MeV for
K*,1°=122 MeV for p,? and = 102 MeV for 7.
[Note that E, defined in the present paper is
slightly different from T, defined in Ref. 9, and
the value of £, is generally larger than that of
To.]

If a radially expanding flow determines the
slope difference, we then expect

Eo(ﬂ)<E0(K+)<Eo(p), (2)

since m , <mg+<m,, and thus at a given kinetic
energy the velocity of K* should lie just in be-
tween the velocities of p and 7. On the other
hand, if the phase space of the individual NN col-
lisions determines the slope difference, we ex-
pect ,

E K")<E (@) <Eqp), 3)

since the threshold energy for K* production is
much higher than that for 7 production, so that
the least kinetic energy is available for K*. Fi-
nally, if the mean free paths of product particles
determine the slope difference, then we expect

E (m)<E (p)<E,(K™"), 4)

since o(K*N)~ 10 mb, and thus x (7) <x (p) <r K™*).
According to this idea, K* samples an earlier,
and thus highly excited, hot stage of the system
more sensitively than 7 and p. Only this last re-
lation (4) agrees with the experimental data.
Therefore, it is likely that the slope difference
between 7, p, and K* is primarily due to the dif-
ference in X among these particles and not due to
the radial expansion nor to the phase space.
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The above situation is schematically illustrated
in Fig. 1. At the initial stage of the collision the
energy density of the system would increase as a
result of multiple NN collisions. Then the sys-
tem would be cooled down, again through multiple
NN collisions. For final particles that are emit-
ted, particles with longer mean free paths tend
to sample a phase of higher energy density of the
system, and thus tend to carry higher kinetic en-
ergies (namely, larger values of E,). If this
argument is correct, then each type of product
particles records a different time of nuclear col-
lision and serves as a nuclear clock. In this re-
gard, future measurements of photons or lepton
pairs would be very interesting because of their
extremely long mean free paths in nuclear mat-
ter.

Extending the preceding argument, let us dis-
cuss the space-time evolution of the system. Re-
cently, small-angle two-particle correlations
for an Ar +KCl system have been reported from
77 (Ref. 11) and pp (Ref. 12) measurements (Han-
bury Brown-Twiss effect’®), to determine the
source radius, R. Although several corrections
due to mutual final-state interactions have to be
applied to the raw data to evaluate R, the best
values reported thus far, for the participant re-
gion, are as follows: R=3.2+0.3 fm for 777",
R=3.9:+0.4 fm for 7*7%, and R~2.4 fm for pp.
The pn correlations that eventually create deu-
terons can be used also to estimate the value of
R, as proposed by Mekjian.’* Recently, Sato and
Yazaki'® modified the formula of Mekjian in or-
der to eliminate the effect of the intrinsic radius
of a deuteron. An empirical analysis based on
this idea was reported in Ref. 10 from which we
have R ~2.4 fm for the Ar +KCl system. Sum-
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FIG. 1. A schematic illustration of an expected
time dependence of high-energy nuclear collision, and
the proposed particle probes at various stages.

marizing these data, it seems that R determined
from 77 (3.2~ 3.9 fm) is consistently larger than
that determined from pp or pn (=2.4 fm).

According to several cascade calculations,™'®
most of the NN collisions would be completed
when both the projectile and target reach a maxi-
mum overlap. Then the system starts to expand
and to be cooled down. Therefore, we can naive-
ly expect that, at the stage when the system
reaches the highest energy density, it receives
the highest compression and reaches the highest
particle density. If p, 7, and K* observe differ-
ent stages of the collision, as shown in Fig. 1, it
is then not too surprising that the source radius,
R, determined from the pion degree of freedom
is larger than that determined from the nucleon
degree of freedom, since (@) R «cp” V3 and (b) nu-
cleons tend to probe an earlier, compressed,
high-density stage than pions. This situation is
schematically illustrated in Fig. 2. With use of
a naive participant-spectator model,'” the above
results of two-particle correlations lead to p
=~ 2p, when the system is probed by nucleons and
p=0.6p, when it is probed by pions. Here, ac-
cording to this model, R=3 fm at p=p,. Of
course, it is too early to conclude anything defi-
nite at the present stage from these data alone,
However, these data suggest that the space-time
evolution of the system might be able to be stud-
ied from extensive studies of small-angle two-
particle correlations. Especially, future meas-
urements of two-K* or two-y interferometry are
extremely interesting to probe the highest ener-
gy- and particle-density phase of the system
created in high-energy nuclear collisions.

The above two arguments on E, and R may fur-
ther provide information on the dynamical path of
the collision. Inclusive spectra tell us the effec-
tive temperature, 7', for each particle. Two-
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FIG. 2, A schematic illustration of the space-time
evolution of the system as suggested from the data of
small-angle two-particle correlations.
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particle correlation data tell us the effective den-
sity, p, for it. If we plot these observed values
in the (p,T) plane, we would then obtain the dy-
namical path of the collision in this plane.

In conclusion, the cross-section slope differ-
ence among p, 7, and K* in inclusive energy
spectra suggests that mean free paths of these
product particles seem to play the major role in
determining such a difference. It also implies
that K* probes most sensitively the highest ener-
gy-density phase of the collision. The data of
small-angle two-particle correlations further
suggest that particles with longer mean free
paths tend to probe the compressed higher parti-
cle-density phase of the system. Since the pres-
ent arguments are based mostly on an intuitive
idea, it would be interesting in the future to the-
oretically establish the relationship among £,
R, and .

Finally I comment that the present argument ob-
tained at the Bevalac cannot be applied immedi-
ately to the higher beam energies expected at the
CERN super proton synchrotron or the intersect-
ing storage rings. At these energies all the val-
ues of mean free paths for 7, p, and K™ converge
to a value close to a nuclear radius. Therefore,
only photons or lepton pairs would sample a phase
of high energy density. Since the energy density
might reach up to 2 GeV/fm® at these high beam
energies,'®!® it will be interesting to measure
photons and lepton pairs at the CERN super pro-
ton synchrotron to probe such a high-energy-den-
sity phase.
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