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Baryon Distribution in Relativistic Heavy-Ion Collisions
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We estimate the baryon distribution in highly relativistic heavy-ion collisions in order to
determine the baryon impurity of the quark-gluon plasma in the central rapidity region. In

the energy range of s'~ /A —30—100 GeV per nucleon, the degree of impurity, which can be

improved slightly with increasing bombarding energy, is a few percent in energy density.

PACS numbers: 25.70.Np, 12.35.Eq

Recently, there has been considerable interest in

highly relativistic heavy-ion collisions. ' It was

suggested that the energy density in the central ra-

pidity region may exceed the critical energy density
for a phase transition from ordinary confined
matter to an unconfined quark-gluon plasma. 7 Ex-
perimental investigation of the quark-gluon plasma
may provide new insight into the question of quark
confinement. It may also allow one to study the
evolution of the early universe. As the fraction of
baryons in the early universe was about 10 ', it
seems desirable to design a heavy-ion collider such
that when the energy density in the central rapidity
region is high enough for a phase transition, there
is little net baryon density there.

Recent investigations reveal that the average
downward shift of the projectile baryon rapidity is

quite large. It is of interest to estimate the baryon
momentum distribution. We shall study the baryon
distribution using a Glauber-type multiple-collision
model'0 in which a nucleon in one nucleus makes
many inelastic collisions with nucleons in the other
nucleus, the probability being given by the thick-
ness function and the total nucleon-nucleon inelas-
tic cross section. A nucleon may change its identity
during its passage through the other nucleus, but its
baryon number remains unchanged. We assume
further that each baryon-baryon collision results in

degradation of their energies and momenta in ac-
~

cordance with experimental nucleon-nucleon in-

elastic differential cross-section data. The momen-
tum distribution of the resultant baryon is obtained

by folding the momentum distributions of all its

previous collisions. This incoherent multiple-
collision model is, by itself, intuitively plausible; it
can also serve as a reference model whereby
coherent effects due to the formation zone, " the
inside-outside cascade, or the formation of the
quark-'gluon plasma may manifest themselves as
systematic deviations. It is an extension of the
model of Blankenbecler et al. ' to include the effect
of energy degradation. The model differs from the
multichain model' where the momentum distribu-
tion of the colliding baryon comes from a coherent
but unknown partition of the energy among the col-
lision chains. It also differs from a previous study'
in treatment methods and kinematic constraints.

We shall focus our attention on the longitudinal
momentum distribution in terms of the Feynman
scaling variable x and examine first the case of
nucleon-nucleus collisions for which some data are
available. ' ' At high energies, inelastic nucleon-
nucleon collisions are the dominant mechanism for
slowing down the colliding nucleons and the elastic
scattering can be neglected. The momentum distri-
bution of the incident nucleon after n inelastic col-
lisions Dt "i(x„) is related to that after n —1 inelas-
tic collisions D t" 'i (x„ t) by

D'"'(x„) = Jtdx„ tD'" "(x„ t) w (x„ t,x„),

where the function w (x„ t,x„) is the probability distribution for finding a "leading" baryon with x„after a
baryon-baryon inelastic collision if the initial Feynman scaling variable is x„ t. Experimental pp pL data at
high energies show a nearly flat' and energy-independent' differential cross section dtT/dx as a function of
x. Thus, the normalized distribution w (x„ t,x„) can be approximated by

w (x„,,x„)= e(x„ t
—x„)e(x„—x, )/(x„, —x, ),

where xL is the lower limit of x in accordance with energy-momentum conservation. It is approximately the
value of x corresponding to the projectile baryon being stopped in the target frame or the rapidity variable y
being equal to the target rapidity. Initially, the momentum distribution is Dt i(x) =5(x —I). The momen-
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turn distribution of the baryon after n inelastic collisions is therefore
n 1

1 1

1 —xL (n —I)!

TA ( ~A ) J~dzA p A ( ~A zA ) ~ (4)

where fp„( r ) d r =1. The probability for the incident nucleon to make an inelastic collision with a target
nucleon is given by T„(b)a;„,where a-;„ is the nucleon-nucleon inelastic cross section and is" 31.3 mb. The
cross section d o-~"/dx is

1

TA b ~in A b ~in
dx

(5)

x XL—ln e(l-x)0(x -xL), (3)
1 —XL

which is normalized according to JD'" (x)dx = 1.
In the reaction pA bX, where A is the target nucleus with mass number A and b is a baryon, the inelastic

cross section da~"/dx can be obtained by probability arguments. We introduce the thickness function'0 for
nucleon-nucleus collision as

To calculate do.~"jdx for the reaction pA bX,
we take a Fermi-type nuclear density distribution
with a radius parameter r0= 1.25 fm and a diffuse-
ness a =0.523 fm. Both the integrations in Eqs.
(4) and (5) are carried out numerically. Experi-
mental data'6 give the cross section E do./d'p at

p, =0.3 GeV/c for pA pX, but the integrated
cross section x do-/dx for pA bX is not available.
To compare with the experimental data, we shall as-
sume that in the range of interest, 0.3 & x & 1,
these two cross sections are related by a constant.
This is a reasonable assumption as the transverse
momentum distribution in the range of x is only a
weak function of the mass number and x, and the
mass dependence of the cross sections of pA pX
and pA nX are the same. ' The theoretical
results thus obtained give good agreement with ex-
perimental data (Fig. 1). The data for Pb may seem
higher than the theoretical curve, but these data
need confirmation as the shape of the cross section
for the pPb pX reaction at 24 GeV is different. '

There, the differential cross section at x =0.167 is
lower than that at x =0.75 by about 30%, in closer
agreement with the theoretical curve. The present
comparison is admittedly crude, but extensive ex-
perimental data are still lacking to warrant a discus-
sion on corrections due to coherent effects.

%e generalize the above results to the collision of
a target nucleus 3 with a projectile nucleus with a
mass number 8. For highly relativistic heavy-ion
collisions, the range of rapidity is large. So, in the
discussion of the projectile baryon distribution, it is
reasonable to neglect the collisions between projec-
tile nucleons and the shift of the rapidities of the
target nucleons. %ithin this approximation, all the
projectile nucleons are alike and degrade in energy
in the same manner. %e can treat them as an en-
semble of spatially correlated but independent nu-
cleons, initially located at their local impact parame-
ter bz. The projectile baryon distribution after the
collision is therefore

(x) =8 J~
d'&s Ts(bs) X D'"'(x) [T„(b+bs)(r;„]" [1—Tg(b+ bs)o-;„]"

dx n~0&

%e consider the projectile baryon momentum
distribution for head-on collision of two equal nu-
clei. The target baryon distribution can be obtained
by a simple reflection about the mid-rapidity axis.
The distribution can be divided into a no-collision
part dN&c/dy and an inelastic part dN»/dy The.
former corresponds to those nucleons which pass
through the target without an inelastic collision and
comes from the n =0 term in Eq. (6). It is a sharp
distribution centering around the beam rapidity. Its
fraction diminishes as the mass number increases.

The inelastic part consists of projectile baryons
which suffer at least one inelastic collision. It
comes from the sum of the n «1 terms in Eq. (6).
We calculate dN&~/dx and convert it to dN|N/dy.
After taking into account the Fermi motion, the
results are shown in Fig. 2, where we plot the quan-
tity (dN~~/dy)/mR& as a function of y —yn, with

Rz the radius of the target nucleus andy~ the beam
rapidity. This quantity gives the proper baryon den-
sity in the central rapidity region at the proper time
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FIG. 1. Comparison of the theoretical results with the
experimental data (Ref. 16) for the pA pXreaction.
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FIG. 2. The momentum distribution dN~N/dy for
inelastically scattered projectile baryons divided by the
area nR~ for head-an collisions of two equal nuclei at
different energies: (a) s' '/A =30 GeV per nucleon and
(b) s' '/A =100 GeV per nucleon. The mid-rapidity
point is indicated by an arrow.

tp of 1 fm/c when the produced mesons and other
particles begin to emerge. ' As the mass of the col-
liding nuclei increases, the peak of the projectile
baryon distribution becomes wider and moves to a
lower rapidity. For Pb on Pb, the rapidity of the
peak is shifted by ——2.3. The distribution is not
symmetrical about the peak. It extends well into
the target rapidity region. As the bombarding ener-

gy increases, only the distributions near the target
rapidity region are modified for heavy nuclei.

Of particular interest is the baryon spatial density
in the central rapidity region. It has contributions
from both the projectile baryons and the target
baryons. For st/2/A =30 GeV per nucleon, the
mid-rapidity point is at y —yz= —4.16. The total
baryon density there at t p

= 1 fm/c is 0.04
baryon/fm for 0 + 0, 0.14 baryon/fm for Cu +
Cu, and 0.28 baryon/fm3 for Pb + Pb. For the
higher energy s'/ /A =100 GeV per nucleon, the
mid-rapidity point is at y —yz= —5.36. The total
baryon density there at t p

= 1 fm/c is 0.02
baryon/fm for 0 + 0, 0.08 baryon/fm for Cu +
Cu, and 0.21 baryon/fm for Pb + Pb. One can
compare these densities with the energy densities e

of the hadrons produced in this mid-rapidity re-

gron:

e = 0.063 P'P[0.458 lnE+0. 354] GeV/fm', (7)

where A is the mass number of the (equal) nuclei
and E is the center-of-mass energy per nucleon in

gigaelectronvolts. One finds that the baryon energy
density is about 6% of the total energy density for
s'/ /A = 30 GeV per nucleon, and is about 2 to 3%
for s'/ /A = 100 GeV per nucleon.

Our results indicate that in thc energy range of
s' 2/A —30-100 GeV per nucleon, the baryon im-

purity in the rnid-rapidity region is a few percent in

energy density. A quark-gluon plasma with this
amount of baryon impurity can still be of interest,
and may allow a closer extrapolation to quark-gluon
plasma of even smaller baryon fractions for astro-
physical studies.
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