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Inclusive double ddferential multiplicities d N/dy dp& and related quantities have been measured
for protons and deuterons produced in 14.6A GeV/c Si + Al and Si + Pb collisions using the E814
forward spectrometer at the AGS at BNL. Collision "centrality" is determined by measuring N„
the total charged particle multiplicity in the pseudorapidity range 0.85 ( g ( 3.8. For both systems
Si + Al and Si + Pb, an increase in the proton rapidity distribution dN/dy at midrapidity and a
corresponding decrease at higher rapidities are observed with increasing N, . For Si + Pb, Boltzmann
slope parameters T~ increase significantly in the most central collisions. The measured distributions
exhibit a centrality dependence even when o/o's, & 10%%uo, where full overlap between the Si and Pb
nuclei occurs in a simple geometric picture. The proton rapidity distribution dN/dy is presented for
the symmetric system Si + Al over the entire rapidity interval. The total number of protons, which
is the integral of this quantity over rapidity, varies with N, . Results are compared with various
model calculations, mostly using the hadronic cascade codes ARC and RQMD. No significant nuclear
transparency is observed, indicating that large baryon and energy densities are produced in these
collisions.

PACS number(s): 25.75.+r

I. INTRODUCTION

Study of the distribution of baryons after ultrarela-
tivistic heavy ion collisions can yield important infor-
mation about the energy densities achieved. In par-
ticular, the distribution dN/dy of baryons in rapidity
y—:2 ln[(E + p, )/(E —p, )]—where p, is the longitu-
dinal component of momentum, E is the energy, and the
speed of light c is the unit of velocity —is directly related
to the energy loss by the target and projectile nucleons
during the collision. At very high energies, where the
interval between the target and beaxn rapidities is large,
even sizable rapidity shifts of the nucleons (e.g. , b,y = 2,
implying that the nucleons lose more than 90% of their
energy during the collision) will leave the central rapidity
region nearly empty. This implies small baryon density
at central rapidity; target and projectile are "transpar-
ent" to each other [1].

At lower energies, however, the rapidity interval be-
tween target and projectile is small, so transparency will

imply small rapidity shifts, and thus little energy loss and
low energy density. To determine whether at AGS ener-
gies we are in the uninteresting regime of transparency
or the interesting regime of stopping, we have measured
proton and deuteron phase-space distributions. Initially,
the target and projectile protons have rapidity distribu-
tions centered at yT

——0 and y~ ——3.44, respectively,
with widths of about 0.17 rapidity a~it &om Fermi mo-
tion, and the rapidity density dN/dy = 0 in between
these two peaks. If the nuclei were highly transparent to
each other, one might expect to see some broadening and
small shift toward midrapidity of the initial distributions
and a sparse population of the central rapidity region in
the 6nal state; the 6nal proton distribution would ex-
hibit peaks at or near target and beam rapidities. On
the other hand, if the nuclei, colliding at zero impact pa-
rameter, are fully stopped, one would expect most of the
nucleons at xnidrapidity, with the width of the distribu-
tion deterxnined by thermal and possibly hydrodynamic
motion, and no peaks in the beam and target regions.
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Proton transverse momentum distributions d2N/dy dpi'
offer a measure of the amount of equilibration or ther-
malization the system undergoes and reHect the actual
temperature in a thermal model.

A first account of some of the following results has
been given in Ref. [2]. Here we discuss in more detail the
experimental procedure, centrality dependence and other
systematics. In addition, deuteron data are presented,
completing our measurement of baryon number density
in phase space.

II. APPARATUS

The data presented here were obtained in March
1991 with the E814 apparatus (Fig. 1), most notably
its forward spectrometer, at the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Laboratory
(BNL). In what follows, we will refer to a right-handed
coordinate system defined with origin at the intersection
of beam and target, the z axis in the direction of the in-
cident beam and y axis vertically upward. Consequently
the x axis points to the left if the experiment is viewed
&om the vantage of the beam or upward in Fig. 1. For
this portion of the 1991 run, we replaced the participant
calorimeter (PCal) that usually stands downstream of the
target and has a small opening with a lead collimator that
accepts particles emitted into —115 ( 8 ( 14 mrad and
~8„[( 21 mrad, an acceptance much larger than that of
the PCal opening (8 & 14 mrad). We also removed the
second spectrometer magnet (not shown) and shifted the
first in the negative x direction. All this served to extend
considerably the acceptance of the forward spectrometer
in p and hence transverse momentum.

Upstream of the target are located two silicon mi-
crostrip beam vertex detectors (BVER's) with 50 pm
pitch between strips that run in the y direction. These
measure the incident beam trajectory in each event.
The multiple-scattering dominated resolution is about 40
grad in the incident beam angle and 80 pm in the x coor-
dinate of the beam at the target. The "centrality" or vio-
lence of the collisions is determined by N„the total mul-
tiplicity of charged particles in the range 0.85 ( g ( 3.8,
as detected by a silicon pad detector (MULT) located
downstream of the target [3], where q—:—lntan(8/2) is

the pseudorapidity.
Charged particles produced in the forward direction ei-

ther stop in the collimator or pass through its aperture to
be momentum analyzed by the dipole spectrometer mag-
net and detected by two tracking chambers (DC2 and
DC3), each of which has six drift planes with 300 pm
resolution in the x direction. Each also has a segmented
cathode plane with chevron-shaped pads providing mil-
limeter resolution in the y coordinate. The size and
corresponding resolution of the pads varies across each
chamber according to the anticipated density of charged
particle tracks.

After passing through the tracking chambers, charged
particles are detected by a hodoscope of 10 cm wide plas-
tic scintillation counters (FSCI's). One group of these
scintillators sits 12 m from the target and has better than
200 ps time resolution; the second set sits 31 m from the
target and has 350 ps resolution. The mass resolution
due to the time resolution St is 8m/m = (bt/z) Pp . For
the downstream counters, kom which most of the present
data are obtained, bt/z = 0.3%%up. Since all particles ac-
cepted in the spectrometer are close to minimum ioniz-
ing or higher in momentum, the pulse height &om the
scintillators allows measurement of the magnitude of the
charge of the particles striking them. The empty space
between DC2 and DC3, as well as that between DC3 and
the downstream scintillators, is occupied by bags of he-
lium to minimize the effects of reinteraction and multiple
scattering.

III. ANALYSIS

A. Momentum measurement

The hits in the various detectors downstream of the
magnet are reconstructed into tracks by an E814 pattern
recognition program called "Quanah, " based on the tree-
climbing algorithm of Cassel and Kowalski [4]. Quanah
is also discussed in some detail in Ref. [5].

Hits in the drift section of a chamber are reconstructed
into partial tracks called elements, comprising hits in at
least three of the six wire planes in a chamber. Each
element is projected to the pad plane of the chamber
to look for pad hits called clusters. A cluster is formed
under a given wire by looking for the pad with the most
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FIG. 1. The E814 apparatus.
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charge on it and computing the charge-weighted centroid
y„t of the y positions of that pad and its neighbors.
This centroid y, t still needs to be corrected for some
nonlinearity in the charge sharing between pads; y, „&is
mapped to an actual position via a calculation involving
the induced charge on the pad plane from a point charge
on the associated wire. The induced charge was used to
compute y„t, as a function of the actual y position. This
map then allows determination of the actual y position
of the charge on the wire &om the measurement of y„„t.
The result of this calculation for one region of DC2 is
shown in Fig. 2.

If a cluster is found on the pad plane matching the
projected position of an element, the associated vertical
position information is used. If no cluster is found, an
ineKciency is avoided by using the element alone with
no vertical position information. This is necessary be-
cause in the region where the beam traverses the cham-
ber, the heavy ion saturates the ADC for the pads it
crosses. These pads cannot provide useful information
for minimum-ionizing particles that cross them close in
time to the beam.

Hits &om each chamber are combined with hits in the
scintillators to form segments. The algorithm requires
that the segments be straight within the detector reso-
lutions, and based on the apparatus geometry, we place
a loose cut on the angles they make with the beam axis.
Position information in both dimensions is available &om
the scintillators, though with limited resolution. The hor-
izontal position is specified by the hodoscope granularity
to within +5 cm, and the vertical position is obtained ei-
ther &om the time or amplitude signals &om the photo-
tubes at each end of the scintillator slats. The resolution
in this coordinate is 3—4 cm, comparable to the resolution
in the horizontal coordinate.

Segments that point back into the magnet aperture are
assigned vector momenta, becoming candidate8. Since
the apparatus in this configuration has no tracking be-
tween the target and the magnet, determination of the
momenta requires assuming that the candidates origi-
nated where the beam struck the target. Each compo-
nent of the magnetic field has been measured as a func-
tion of position inside and near the magnet. We have

determined that the effect of the fringe field can be ac-
curately accounted for by using an effective length some-
what greater than the length of the magnet itself. This
allows us to model the apparatus as a region of uniform
magnetic field with only a y component surrounded by a
region of zero field.

With these assumptions, we can make the following
statements (see Fig. 3):

R(sin8' —sin8) = —E,

z = ztan8,
z' —z = R(cos 8' —cos 8),

(~)

(2)
(3)

sin 8 —sin 8' cos 8' —cos 8
z —zI

Equation (2), along with some trigonometry, allows us to
eliminate 8, so we have

z —sin8'v'z'+ z'
e

cos 8'v z2 + z2 —z

z —zI (6)

Moving the radicals to one side and squaring gives a
fourth order polynomial in z, the algebraic solution of
which is straightforward, if tedious. The closed form of

where R is the radius of the circular projection onto the
bend plane of the helical trajectory of the track through
the region of magnetic field, with the convention that
R & 0 if a particle is deBected in the —z direction, as
shown in Fig. 3. Note that z and z' are measured relative
to the vertex z position, as determined by the vertex
detector. The angle the particle's trajectory makes in
the bend plane with the z axis before the magnet is 8,
and that after the magnet is O'. The effective length of
the magnetic field region is denoted by E. The radius of
curvature R is related to the magnetic rigidity p, jZ by

jpzz
ZeB'

where p, = gp2 + p2 is the momentum component in
the bend plane, e is the proton charge, Z is the particle's
charge number, and B is the magnitude of the magnetic
field. The exact value of B is verified by comparing the
known beam momentum and the measured momentum
of beam-rapidity protons.

Combining Eqs. (1) and (3) we eliminate R:
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FIG. 2. Position calculated from the charge centroid of
three pads vs actual position in the high-density region of
DC2. The actual geometry of three such pads, labeled A, B,
and C, is shown above the plot on the same scale.

FIG. 3. Bend-plane geometry of a track passing through a
region of uniform magnetic Beld.
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the solution is too c»mbersome to be useful, but an al-
gorithm exists for computing the roots of an arbitrary
quartic equation [6]. The position x at the entrance to
the magnet determines tIi and R, and hence p, /Z, via
Eqs. (1)—(4). In practice, an iterative numerical proce-
dure is used to find these quantities.

In an ideal dipole magnet, the component p„ofmo-
mentum parallel to the xnagnetic field is conserved, as is
p, , the magnitude of the component normal to the field.
Hence, the out-of-plane angle P = arctan(p„/p, ) is con-
served, so the vertical component of momentum may be
reconstructed by using the vertical position information
&om the detectors to measure P and multiplying p,
obtained &om the previous procedure, by tang.

Candidates may occasionally share hits in the various
detectors. A final algorithm selects the largest subset of
the candidates that share no hits. These candidates are
finally the reconstructed trucks produced by Quanah.

Using the charge magnitude measured via the energy
loss in the scintillators, we determine the momentum of
each particle. For the value of the magnetic field used,
the field integral f B dl is 0.273 T m, and the momentum
resolution corresponding to the 300 ym position resolu-
tion of the chambers is hp/p (0.1%/GeV) pc/~Z~. The
momentum resolution over our momentum range is dom-
inated by multiple scattering in the apparatus, mostly in
the 7 m of air between the target and DC2; this contribu-
tion is hp/p 3.6%/P, where P is the particle's velocity
relative to the speed of light. The transverse momentum
resolution is dominated by multiple scattering and has

the form ffrr/frr = p Igarrfrr + ar, where ar = 3.6%,
independent of target. For the thickest Pb target (2%
nuclear interaction length), nq takes its largest value of
6.2 MeV. At pf = 0, the resolution is bpf ——nq/tanhy.
At y = 1 this is bpf ——8.1 MeV.

B. Particle identification

Reconstruction of the tracks also allows measurement
of the lengths of the total Bight paths of the particles,
which together with the time of Bight determined by the
scintillators, yields the velocity P of each particle. The
time of Bight indicated by each photomultiplier tube is
corrected for "slewing, " the dependence on pulse height
of the time indicated by the TDC. After the slewing cor-
rection is applied, we determine the mean time of the
top and bottom tubes. To find the time onset to for
every counter, we employ an iterative procedure, using
the measurement of velocity and momentum, and hence
the mass, associated with each track. Having identi-
fied protons and pions, we use their known masses and
well-determined momenta to predict their times of Bight,
hence obtaining to.

The measurement of f9, together with the momen-
tum measurement, determines the mass of each particle
(Fig. 4). We identify particles with mass resolution that
is good at low momenta and deteriorates gradually with
increasing momentum, though still allowing separation of
protons &om pions up to a momentum of about 7 GeV/c.
Protons can only be separated from kaons below 2 or 3
GeV/c, but the kaon rate is very low, and most of the
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FIG. 4. Particle identi6cation by measurement of velocity
P and rigidity p/Z for ~Z~ = 1. Solid lines in the left-hand
panel mark the boundaries between the momentum bins, la-
beled a and b, on the right-hand side, for Z = +1.Above and
to the right of the dashed lines in the left panel, particles are
identi6ed by mass cuts illustrated by the hatched regions in
the two right panels. Tracks that fall in the region containing
P = 1 and p = 10 GeV/c indicated by the trapezoid in the
left panel are also assumed to be protons (see text).

scintillators lie 31 m &om the target after which distance
most kaons will have decayed, so there is essentially no
kaon background in the proton mass peak. Protons and
deuterons are identified by a momentum-dependent mass
cut for fg & 0.988 and p & 10 GeV/c. Outside of this re-
gion, protons are identified by a cut in the I/P-Z/p plane
as indicated by the trapezoid in Fig. 4.

C. Acceptance

Protons are accepted in the phase space region indi-
cated by the contour lines in the left panel of Fig. 5 de-
termined by the distribution of protons measured in the
spectrometer. Fluctuations in the contour lines are due
to limited statistics. The right-hand contour of the ac-
ceptance is a line at p = 22 GeV/c, above which beam
rapidity deuterons become a significant background. Be-
tween 9 and 22 GeV/c, we cannot distinguish protons
&om deuterons, but as discussed in Sec. IV C below, the
deuteron-proton ratio is low enough that the background
introduced by assuming all tracks in the trapezoidal re-
gion of Fig. 4 are protons is on the percent level. The
pion-proton ratio at these xnomenta is even lower. The
left-hand contour is determined by the geometry of the
apparatus and the magnitude of the magnetic field. Note
that for y & 1e5 the acceptance includes pq ——0, and we

accept low pq protons even below y = 1, allowing pre-
cise xneasurement of the low p& part of the spectra to
very low rapidities. For y & 2.4 we accept most, if not
all, protons, regardless of their transverse xnoxnenta, and
we have good sensitivity to the shapes of the transverse
xnoxnent»m spectra; conversely, below y = 2.4 we lose
sensitivity to the shapes and accept a decreasing fraction
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FIG. 5. Phase space acceptance of the E814 forward spec-
trometer for protons and deuterons. Solid crosses in the pro-
ton plot indicate the most likely transverse momentum as a
function of y. For deuterons, the location gmqTO of a hy-
pothetical peak for various values of a slope parameter Tp is
given by dashed lines. The peak locations observed by E802
in central collisions are plotted also [7].

tiple scattering, etc.
In the acceptance calculation, incident beam trajec-

tories are determined randomly using the distributions
measured by the BVER's. Both in the data and in the
simulation, angles and hence y and pz are measured rela-
tive to the measured or simulated horizontal beam angle
on an event-by-event basis, rather than with respect to
the fixed laboratory coordinate frame.

Also, both in the data and in the simulation, a fiducial
cut is made inside the collimator acceptance, requiring
8 ( 10 mrad and ]e„~( 16 mrad, since at the phys-
ical boundaries of the collimator opening, e&, falls to
0 in a way dependent on the exact location of the col-
limator. Although these angles form the boundaries of
our acceptance in p and positive p, they lie well within
the acceptance in pq, since 8 may go out to —115 mrad.
Hence, without this fiducial cut, any uncertainty in the
collimator position would translate to large variations in
the correction factor 1/es, , which could result in artifi-
cial structures in the pg spectra.

An example of the geoxnetric efficiency ez, thus ob-
tained is shown in Fig. 6 for 3.2 & y & 3.4. The dip
near pi ——50 MeV/c is caused by excluding the scintil-
lator slat crossed by the heavy ion beam. The raw data
obtained Rom the spectroxneter are divided by ez, to
produce final transverse momentum spectra.

of the protons with decreasing rapidity.
Deuterons are accepted in the phase space region indi-

cated in the right panel of Fig. 5. The right-hand contour
of the acceptance is a line at p = 9 GeV/c. Above this
moxnentum it is impossible to separate deuterons &om
protons via time of Bight measurement. The left-hand
contour is again determined by geometry and the mag-
netic field. Also indicated in Fig. 5 is the most proba-
ble transverse xnomentum for each rapidity bin. For the
protons this information is obtained &om our measured
spectra (see Sec. IV A below). For deuterons we use the
values of Te [see Eq. (9) below] measured by E802 [7];
note that because in each case Tp is much smaller than
the deuteron mass, to leading order in To/mg the most
probable transverse momentum is given by pm&To. The
dashed lines are the xnost probable transverse moxnenta
for deuteron inverse slope parameters &om 150 to 250
MeV.

For each rapidity y and transverse momentum pq we
accept a different &action of the protons and deuterons
produced. For example, at and near pq ——0, we accept
all protons above rapidity 1.5, since the spectrometer lies
on the beaxn axis; for this case, the geometric efficiency

is unity. For larger pz, ez, decreases and eventually
only particles generated with azimuthal angle P near x
(p = —pi) will enter the spectrometer. In general, ne-
glecting subtle eff'ects, eg is equal to the &action of 2~
accepted in azimuth for a given y and pz. To calculate
the geometric efficiency, we use the GEANT detector sim-
ulation package [8], which allows proper implementation
of the strength of the magnetic field and the intersection
of various detector systems with the collimator opening.
This calculation includes e6ects of beam divergence, mul-
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FIG. 6. Geometric eKciency for protons in the rapidity
range 3.2 ( y ( 3.4. Errors me due to the statistics of the
Monte Carlo simulation.

D. Track reconstruction efficiency

In addition to the momentum-dependent geometric ef-
Bciency correction, a global (momentum-independent)
correction has to be made for the efficiency of the track-
ing hardware and software. The hardware efficiency of
the tracking chambers themselves is essentially 100'%%u&&. In
each chamber the pattern recognition code, Quanah, only
requires three of the six wire planes to register the pres-
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ence of the track. The individual wire efficiency has been
measured to be 90%. Since the number of wires firing is
observed to obey a binomial distribution, the overall in-
efficiency of each chamber requiring three or more wires
is about 10 s. The pad planes are not required by Qua-
nah for track reconstruction. If they are present, they
are used, but the average track multiplicities in the spec-
trometer are low enough (about 5 for Si + Al, 1.5 for
Si + Pb in typical central collisions) that the informa-
tion from the drift sections is usually sufficient to recon-
struct a track and point unambiguously to a scintillator
for time of Bight information. In addition, the scintilla-
tors downstream give information on the vertical coor-
dinate though with considerably poorer resolution than
the pad planes. The pad plane efficiency is around 95%,
with the exception of the beam region (see above), so
for most tracks the pad information is available. Even
when pad information is not available, vertical position
information is obtained &om the scintillators, so vertical
information is always present for the tracks considered in
this analysis. Timing information will not be present for
tracks that strike the same scintillator slat as the beam
particle. The geometric inefficiency introduced by ignor-
ing the scintillator beam region is taken into account in
the computation described in Sec. III C above. Because
the occupancy is low (around 10'%%uo in the case of Si + Al;
3% for Si + Pb) we can identify tracks with ~Z~ = 1 by a
cut below three times and above half the pulse height of
minimum ionizing particles. After this cut, the scintilla-
tor efficiency is about 90%. Because of the large distances
between the various detectors, the overall efficiency of the
reconstruction procedure is found to be 72% +3% (stat)
&om visual inspection of about 250 events. We estimate
an overall systematic uncertainty of about 10% on the
normalization of the differential multiplicities presented
below.

IV. RESULTS

A. Proton slope parameters

Figure 7 shows representative proton transverse mass
spectra in selected rapidity bins for the Al and Pb tar-
gets. A set of transverse mass spectra for protons using
the Pb target has already been presented in a previous
publication [2]. Here we study mainly the systematic de-
pendence of the slope parameters on centrality.

A purely thermal (Boltzmann) model predicts that the
number d N of particles of a given species produced into
an element of phase space d3p satisfies

dN f E —pi
oc exp /— (7)

)
where T is the temperature of the source, E is the center-
of-momentum energy associated w'ith d3p, and p is the
chemical potential. Expressed in terms of the invari-
ant multiplicity, rapidity, and transverse mass m&

gm'+ p,', one finds

1 d2N 1 d2N mg f' mi —ml=A~ y exp
pi dpidy mi dm, dy m g Tg(y) ) '

& 10
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FIG. 7. Proton invariant yields vs transverse mass for
14.6A GeV/c Si + Al, Pb -+ p+ X at different rapidities.
In each panel are plotted two fits: the dashed line is a Boltz-
mann curve, and the dotted line is an exponential. The two
curves are virtually indistinguishable. Errors are statistical.

where A~(y) oc m cosh(y —y, ) exp[IJ/T —m/Tgy(y)] is
the p&

——0 intercept of the function at rapidity y, y,
is the center-of-momentum rapidity of the "fireball, " and

T~(y) = T/ cosh(y —y, ). This rapidity dependence of
A~ and T~ only holds if the "fireball" emits isotropically.
If the emission is not isotropic, the shape of the rapidity
distribution and of T~(y) may vary, but if the system
thermalizes, one still expects to see the general behavior
indicated by Eq. (8).

Another convenient parametrization is

pi dpi dy m& dms dy ( To(y) )
'

which does not have a direct physical interpretation,
but is often used to parametrize charged particle spec-
tra in high-energy collisions. We will consider both
parametrizations later on. The parameters Ao, A~, To,
and T~ are extracted in each rapidity bin by fitting the
measured spectra.

As indicated in shown in Fig. 7 and previously dis-
cussed in Ref. [2], the Boltzmann spectra fit the data well,
but mi only varies by about 40% over the entire range
covered, so there is no visible difference in our acceptance
between a Boltzmann spectr»m and one in which the in-
variant multiplicity or cross section is exponential in mz,
as in Eq. (9). Cole [9] has reached a similar conclusion
for data &om E802 for central Si + Au collisions. We
choose the Boltzmann parametrization because there the
slope has a direct physical interpretation as a temper-
ature and can be compared with other measures of the
temperature.

Near beam rapidity (y~ = 3.44) and pi = 0, a
steep component of the transverse momentum spectrum
emerges (see Fig. 7), which we identify with "punch-
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through" protons. These protons &om the projectile tra-
verse the target nucleus interacting at most elastically
even in these central collisions. This component has been
discussed in detail previously [5,10] and will not be fur-
ther addressed here. In rapidity bins where this compo-
nent is present, it has been excluded &om the slope fits,
but it is of course included when we later compute dN/dy
by integrating over mq.

Figures 8 and 9 show proton slope parameters T~ and
To vs rapidity y for several difFerent centralities in the
systems Si + Al and Si + Pb, respectively. The open
symbols for the nearly symmetric system in Fig. S are
reflections of the solid symbols about y = 1.7. In each
figure, Tjy is plotted in the top panel along with two
extrapolations, labeled A and B, used later to compute
dN/dy. In the bottom panel of each figure, To from our
measurement is plotted along with data from ES02 [11]
and extrapolations A' and B' of T0 equivalent to the ex-
trapolations A and B of T~ indicated in the top panel.

Now' we wish to determine the degree to which T~
reBects the actual temperature of the system. Compari-
son of T~ with pion, kaon, lambda, and deuteron slopes
[7,12,13] shows no dependence on beam momentum if ra-
pidity is normalized to the beam rapidity and the same
centrality is selected. The slope parameter T~ does in-
crease systematically with particle mass, however, sug-
gesting transverse expansion of the system with uniform

Q
0.3—

0.2

I

I

I I I I

I

I I I I

14.6 A GeV/c Si + Pb m p + X
a/o

o 100 120 16.2 %
~ 120-140 8.3 %

140-160 2.8 %
160-180 0.52%
180-200 0.07%

0.1

0

U
0.3

I I I I

I I I I

I I I I

I I I I

o E802 Si+
o/a„,= 7

Au

0.2
A'

0.1

I I I I I I

2
I

3
I I

—k
4

FIG. 9. Proton transverse mass inverse slope parameters
as a function of rapidity for different centralities. The top
panel shows the two extrapolations, labeled A and B, used to
compute dN/dy. The bottom panel shows To as measured by
E802 [11] for the top 7'%%ua of the geometric cross section and
two extrapolations, labeled A' and B' equivalent to A and B
in the top panel. The dashed curve is the prediction of an
isotropically emitting thermal model with 140 MeV temper-
ature and center-of-momentum rapidity y, = 1.3.

0.2

I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

14.6 A GeV/c Si + Al —& p + X

0.15

0.1

0,05

0

Q 0.25

0,2

I I I I

I I I I

N, a/a
„

~ o 60-80 1.7%
~ o 80-100 0.19%

I I ! I

I I I I

,=i- +
B'

0.]5

0.1—

0.05

0 I I I I

0

E802 ~/a = 7%
I I I I I I I I I I I I

FIG. 8. Proton transverse mass inverse slope parameters
as a function of rapidity for two different centralities. In each
case, the data f'rom y ) 2.4 (solid symbols) are reBected about
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model with 140 MeV temperature. The results from E802
[11] are shown for the top 7% of the geometric cross section,
again renected about midrapidity. Also shown in the bottom
panel are extrapolations A' and B' of Tp equivalent to the
extrapolations A and B of T~ in the top panel.

velocity. Since T~ is a measure of a particle's average
transverse momentum, one expects a contribution from
thermal motion in the form of a temperature and an ad-
ditional contribution proportional to mpPq, where Pq is
the mean transverse expansion velocity. If Pq is the same
for all particle species, heavier particles will have larger
mean transverse momenta, and larger values of T~. An
independent measure of the temperature is obtained &om
the population of nucleon resonances [14] and our data
on pion spectra give a value of T = 140+20 MeV [13,15].
Using this temperature, simultaneous consideration of
deuteron, proton, kaon, and pion transverse slopes has
yielded an average transverse expansion velocity of 0.24—
0.30 [16,17]. Costales performed a similar investigation,
but without this additional constraint on the tempera-
ture, he obtained somewhat different numerical results
[1S].

If the system were emitting particles isotropically, one
would expect to see slopes similar to what is indicated
by the bell-shaped curves in the top panels of Figs. 8
and 9, i.e. , T~ = T sech(y —y, ), where T = 140 MeV
is the system's temperature. The proton slope param-
eters lie we11 above these curves in each case, indicat-
ing a significant additional e8'ect, such as the transverse
How discussed above. Longitudinal expansion, if present,
will broaden the rapidity dependence of T~, also raising
the measured values at forward and backward rapidities.
Note that in the absence of any other information, an
isotropic model fit to the proton slopes alone would yield
T & 225 MeV for Si + Al and even higher values for Si
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+ Pb. Such a high temperature is inconsistent with data
on nucleon resonance populations [15] and slopes of pion
transverse momentum spectra [11]. Furthermore, even
assuming these high temperatures, an isotropic thermal
model does not reproduce in detail the rapidity depen-
dence shown in Figs. 8 and 9 (see also the discussion in
Ref. [2]).

In Fig. 9 we see for y ) 2.6 an increase in T~ in
the most central collisions in each rapidity bin. To dis-
play more clearly the centrality dependence, we present
in Fig. 10 T~ vs N, for Si + Pb in several different
rapidity bins. In each case we observe an increase in
T~ with increasing centrality. This is demonstrated in
the insert in Fig. 10, where we have plotted AT~
T~1N —esp —Tgy1~ —s yp vs rapidity. In each of the four
bins, AT~ exceeds zero by at least one standard devi-
ation. We know of no systematic error that could ex-
plain this effect. From a simple geometric model, one
expects full overlap between the Si and Pb nuclei when
o/os, ——10'%%uo, or when N, = 120, but the increase in T~
occurs well above that value. This effect may indicate
the onset of a phase transition as predicted by van Hove
[19] and borne out by later hydrodynamic calculations
[20].

B. Proton rapidity distributions

As indicated in Fig. 5, the spectrometer's acceptance
in p& decreases rapidly below y 2.4. Forward of this
rapidity, most protons are accepted, regardless of their
transverse momenta, and we have good sensitivity to T~.
Therefore, integrating the double differential multiplicity

to the acceptance limit yields most of the rapidity dis-
tribution dN//dy, and we extend the integral to arbitrar-
ily large pz analytically using the parametrization in Eq.
(8). Below y 2.4, however, the integral to the accep-
tance limit forms a diminishing fraction of dN/dy and we
cannot precisely determine the slope of the pq spectrum;
but we do measure the magnitude of the spectrum, in
particular the intercept at pq

——0. We can therefore de-
duce dN/dy in this region if we assume values for T~
by extrapolating the data &om the region where we do
measure them to the lower rapidities. The curves labeled
A and B in the upper panel of each of Figs. 8 and 9
indicate two different extrapolations considered for each
target. Using extrapolation A in each case forms essen-
tially a lower bound on dN/dy since all available data
show a systematic increase of slopes toward midrapid-
ity [12], and dN/dy is an increasing function of T& We.
consider extrapolation B a more realistic estimate, but it
places by no means an upper limit on dN//dy.

The squares and circles in Fig. 11 are the resulting ra-
pidity distributions for Si + Al for two different centrality
bins using for y ( 2.4 extrapolation B. The results of us-

ing extrapolation A are indicated for each centrality by
a line for 1.1 & y ( 2.3. The variation in dN/dy between
the two different extrapolations gives us an estimate of
about 20'%%uo for the systematic error on our measurement
at midrapidity.

Although the parametrization given in Eq. (8) depends
exponentially on T~, dN/dy varies only slowly with the
slope parameter. Most of the protons are produced at
low values of pq and our measurement fixes the pq
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FIG. 11. Proton rapidity distributions for Si + Al, two
diferent centralities. The points plotted for 1 ( y ( 2.4 are
the results of using extrapolation B of Ts (see Fig. 8). The
solid line indicates the results of extrapolation A for the more
central data. The dashed line is the same for the less central
data. The vertical dotted lines at y = 1.0 and 2.4 delimit the
region where we use extrapolated values of T~ to compute
dlV/dy
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intercept, A~. Varying the slope makes the biggest dif-
ference at large pz, where the yield is very small. More
precisely, using the notation of Eq. (8):

dN d2N ( Tgg T2 )„dm,= Ag mTg
I
1+ 2 + 2

dy dms dy m m2)

(10)

Since T~ is considerably less than the proton mass and
A~ is fixed by our measurement, dN/dy depends essen-
tially linearly on T~.

For the most central collisions, corresponding to 80 &
N, ( 100 or o/os, ——0.19%%uo, the general shape of the
rapidity distribution in the bottom panel of Fig. 12 is
fairly Hat over three units of rapidity, with no peak near
beam rapidity, indicating no signi6cant nuclear trans-
parency even in this symmetric system. For a thermal
system isotropically emitting protons, one expects &om
Eq. (10):

dN
oc e (1+2n ' + 2a '),
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panel compares the data for o/os o ——2% with data measured
by E802 for o/os ——7% [11]. The bottom panel compares
the data for o/os, ——0.2% with several models.

where o. = (m/T) cosh(y —y, ). When m = 938
MeV/c2, the proton mass, and T = 140 MeV, this distri-
bution is well approximated by a Gaussian with u = 0.38,
a distribution much narrower than the data. The mean
proton energy loss in the collision center-of-moment»m
kame computed from the upper half of the rapidity dis-
tribution in Fig. 12 is 0.91 GeV, 52% of the initial proton
kinetic energy in this kame. The mean rapidity shift of

projectile protons (b,y) is 0.85. This could be an indica-
tion of incomplete stopping: 61'%%uo compared to the value
of (b.y) —1.4 computed from the isotropic distribution
in Eq. (11) for T = 140 MeV.

Alternately, the larger width of the proton rapidity
distribution may also indicate longitudinal expansion of
the system after stopping. In the collision center-of-
momentum kame, the mean rapidity of forward-going
protons (y, ) is 0.87, so the mean longitudinal veloc-
ity is (p; ) = tanh(y, ) = 0.70. The mean trans-
verse momentum (pq) is 610 MeV jc, and the mean en-

ergy (E, ) is 1.79 GeV, so the mean transverse velocity
(P~' ) = (pi) j(E, ) = 0.34, about half of the mean
longitudinal velocity. The observed shape of the rapid-
ity distribution is indeed well reproduced by a source
expanding longitudinally with velocity 0.6—0.7 [16,17].
From consideration of transverse momentum spectra of
different particle species, as discussed in Sec. IV A above,
a transverse expansion velocity of about 0.24—0.30 can be
deduced [13,16], indicating that longitudinal expansion
exceeds transverse expansion by a factor of about 2. A
study of longitudinal velocities P, vs time in the hadronic
cascade model RclMD [17] has shown a steep decrease dur-
ing the first few fm/c after the start of the collision, fol-
lowed by a gradual increase until pions and protons have
the same longitudinal velocity of about 0.6. This result
supports the hypothesis of strong stopping and subse-
quent longitudinal expansion that explained inclusive E&
and N, distributions [21].

Also plotted in Fig. 12 are rapidity distributions from
the ARC [22] and RclMD [23] hadronic cascade codes.
These results are obtained by imposing experimental cuts
on the events generated by the models, not by selecting
the impact parameter; the total charged particle multi-
plicity into the acceptance of the E814 multiplicity detec-
tor is selected just as in the data. The overall agreement
is good, though at midrapidity both models lie above the
data. This discrepancy could be resolved by increasing
the values of T~ we use to compute dN/dy below y = 2.4,
which would in fact be closer to E802's measurement of
Tp, but it would worsen our agreement with their mea-
surement of dN/dy (see below).

Both models predict small peaks at target and beam
rapidities (y = 0 and 3.4) which are not present in the
data. The model predictions do not exhibit such be-
havior in the asymmetric system Si + Pb, however [2].
Since the peaks are only present in the nearly symmetric
system, where full overlap occurs with vanishing prob-
ability, they are probably due to details in the nuclear
surface parametrization.

The proton rapidity distribution measured by E802
[11] in Si + Al for the upper 7%%uo of the geometric cross-
section is also plotted in the top panel of Fig. 12. Again,
the solid triangles are the directly measured data; the
open ones are the same data reBected about midrapidity.
These data lie below ours at midrapidity, but they are
for much less central collisions. For Si + Pb collisions
(shown in Fig 14 below) .we see significant changes in
dN/dy with centrality increasing even well beyond the
value of o/os, 10% expected for full nuclear overlap
in a simple geometric model, and we observe a signi6-
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TABLE I. Total proton multiplicity N„in Si + Al for dif-
ferent charged-particle multiplicity bins. The proton multi-
plicity N„=N„+1.4 in the third column is adjusted for
A hyperon and deuteron production (see text). The numbers
in parentheses for RQMD and ARc in the last columns include
expected A hyperon decays not present in the calculations.
Errors are statistical.

N N„
70 23.0 +0.1
90 23.5 + 0.3

N 1.6

N Ntot N~R~ NRQMD
P P P P

25.3 + 0.2 26.7 + 0.2 29.1 (29.9) 29.2 (30.0)
26.3 + 0.3 27.7 + 0.3 29.8 (30.6) 29.7 (30.5)

2.8 2.8

cant increase at midrapidity with increasing centrality in
the Si + Al data in Fig. 11 even in very central colli-
sions. Therefore the larger dN/dy values in our data at
0'/os —1.7'%%up and 0.2'%%uo as compared to the more pe-
ripheral E802 data are expected. Note that in fact for
the points at midrapidity we have used slope constants
below the ones measured by E802 for more peripheral
collisions (see Fig. 8).

With decreasing N, one observes the formation of a
sharper shoulder, though still not a peak, near beam ra-
pidity in the Si + Al proton rapidity distribution, and
a corresponding decrease in the central region. The de-
crease at midrapidity is somewhat larger than the in-
crease at the forward rapidities, however. Table I shows
the integral N~ = 2 f '7 dN/dy. dy of the proton rapidity
distribution in each N, bin for the two different extrapo-
lations of T~ (N„and N+) and the number of statistical
standard deviations N by which the two integrals dif-
fer for each extrapolation. This demonstrates that the
increase in total proton multiplicity with increasing N,
is significant. Note that this does not include the pos-
sible effect of an increase in T~ with centrality; where
a slope is not measured, dN/dy is computed using the
same value of T~ at a given rapidity for each centrality.
The increase may be an effect of triggering on extremely
large charged particle multiplicities.

Baryon number, charge, and isospin are of course still
conserved, but the overall proton multiplicity may be af-
fected by production of hyperons, light nuclei, proton-
antiproton pairs (although negligible here [24]), and
charge exchange. If more protons are produced due to
charge exchange, the conservation laws imply fewer neu-
trons and more negative than positive and neutral pions.
Requiring an increase in charged particle multiplicity es-
sentially selects more resonance decays into charged par-
ticles, e.g. , 4 ~ Jnr vs 6 ~ nor . That this is a plau-
sible explanation for this effect is in fact demonstrated
by a similar variation of N„with N, in both ARC and
RQMD, as shown in Table I. Note that in spite of A pro-
duction, at these large values of N„the total number of
protons is greater than 29 in the models, significantly ex-
ceeding the 27 protons of the target and projectile nuclei.
This effect underscores the importance of implementing
experimental trigger conditions properly in models when
comparing to data.

The total number of protons N„reported in Table I for
each centrality is somewhat less than the corresponding
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FIG. 13. Rapidity distribution of charged tracks identi6ed
as protons from lambda decay in a GEANT simulation. The
solid curve is the simulation input, chosen to resemble the
measurement of E810 [25] for Si + Si. The dashed curve
is the solid one multiplied by the 64/0 branching ratio for
lambda decay into protons and negative pions. The points
indicate the multiplicity of those particles accepted in the
E814 apparatus and reconstructed as protons.

numbers from ARC and RQMD. Although this discrep-
ancy is of the same order as the systematic error, we still
have to consider protons lost to production of hyperons
and light nuclei. To estimate the effect of A hyperon
production on the proton rapidity distribution, we used
the GEANT package. We generated A particles with a
Gaussian rapidity distribution having unit 0 as observed
by E810 [25] and a Boltzmann-like transverse momentum
distribution having T~ = 160 MeV independent of rapid-
ity. These generated particles were tracked through the
apparatus by GEANT, allowing them to decay along the
way. For charged particles (protons and negative pious)
from these decays that struck the tracking chambers and
scintillators downstream and also pointed back into the
magnet aperture, the momenta and Bight path lengths
were reconstructed in the same way as the data. GEANT
also allowed computation of the time of Bight of each par-
ticle. Using these reconstructed momenta, path lengths,
and times of Bight, we calculated the "masses" of the
particles via m = p/Pp, identified protons and computed
the rapidity and transverse momentum spectra of these
decay products as the analysis routine did with the data.
The rapidity distribution of these reconstructed protons
is shown in Fig. 13.

For each A that decays into a proton and negative pion
(64'%%uo), we detect an average of 0.51 proton. Considering
associated production in a system with nearly equal pro-
ton and neutron numbers, each A produced removes 0.5
proton &om the system on average. For each A produced,
therefore, we lose an average of 0.5 —0.64 x 0.51 = 0.17
proton. Reference [25] indicates that there are 2.5 A par-
ticles produced per collision, so we estimate an average of
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0.43 proton lost to A production and decay per collision.
Next we consider the final-state protons bound in nu-

clei. In Sec. IVC below, we will show good agreement
for the low-transverse-momentum deuteron yields from
both E814 and E802, despite differences in acceptance
and centrality. We therefore confidently use the overall
deuteron yield of 1.0 per collision reported by Parsons
[26] for Si + Al. A measurement of A = 3 nuclei by
E814 [27] indicates that for these purposes nuclei heav-
ier than deuterons can be neglected. We estimate that
0.43+ 1.0 1.4 protons are not visible in the experimen-
tal data due to production of hyperons and light nuclei.
Note that in the RQMD and ARC computations, the A
particles produced do not decay. If 2.5 A particles are
produced per collision, in accordance with the E810 data
[25], 1.6 will decay to protons and of those 0.82 will be
reconstructed in our acceptance, so the proton multiplic-
ity &om the model predictions should be increased by
0.8 for purposes of this comparison, as indicated by the
numbers in parentheses in the last column. As indicated
in Table I) N—:N„+1.4) which includes the protons
lost to hyperon and deuteron production, is still less than
the models by 2—3 protons, but this difference is within
the systematic errors.

Next we turn to proton rapidity distributions in the
asymmetric system Si + Pb, wherein the projectile com-
pletely overlaps the target nucleus in the upper 10% of
the geometric cross-section. In Fig. 14 we plot dN/dy
for several different centrality bins in Si + Pb collisions.
We observe a very systematic decrease at forward rapidi-
ties and a corresponding increase at midrapidity with
increasing centrality. As noted above, this eÃect persists
well beyond the value of N, expected for full overlap be-
tween the Si and Pb nuclei. This again emphasizes the
importance of applying proper centrality cuts when com-
paring data to models or other experiments. For the least
central events (0'/0's, ( 16.2%), in which the Si and Pb

nuclei do not fully overlap, a shoulder begins to develop
at y = 3.4, but for the higher centralities, there is no
indication of any shoulder or peak at beam rapidity, in-
dicating an absence of nuclear transparency. Our data at
o'/o's, ——8.6% agree well with the E802 data for the top
7% of the geometric cross section [11].

C. Deuteron-proton ratios

We also observe deuterons in this data set. Because
their rate is much lower than that of the protons, back-
ground &om the tail of the proton distribution and &om
misidentified tracks becomes a serious consideration. To
estimate the magnitude of this background, we analyzed
the mass spectrum in each 1 GeV/c momentum bin (cf.
Fig. 4), Stting the sum of two Gaussian peaks and the
sum of an exponential and a constant as background to
the region occupied by protons and deuterons. The pa-
rameters thus extracted were used to compute the ratio of
the number of counts inside the deuteron gate used in the
analysis to the number of deuterons in the Gaussian peak,
above the background. The gate was determined visually
to be the region of the mass axis where the deuteron peak
was clearly visible. This background —for each target-
was parametrized by a smooth function of momentum
and used to correct the yields observed in the data. The
background varies between 20 and 60%. We estimate
that this parametrization introduces a systematic uncer-
tainty of about 20% into the low-transverse-momentum
deuteron yields presented here.

Figure 15 shows low-transverse-momentum invariant
deuteron yields determined &om the present data. These
yields are averaged over pq ( 150 MeV/c, where the spec-
tra are very Hat. Also shown are extrapolations to pq ——0
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FIG. 15. Lour-transverse-momentum invariant deuteron
yields. Along arith the present data are shorn extrapolations
to pt. ——0 of data from E802 [7] measured at larger p~ for Si
+ Al, Au collisions.
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of the E802 data [7] using their measured fit parame-
ters. The agreement is very good, especially consider-
ing the slight differences in centrality, target, and the
uncertainty of the extrapolation. Figure 16 shows low-
transverse-momentum deuteron-proton ratios de/dN~
for the Al and Pb targets and difFerent centralities. The
observed values are low, about 1.5—3%, and show little
dependence on centrality or rapidity. The agreexnent be-
tween the present deuteron yields and results obtained
earlier in a difFerent configuration of E814 [27] over a
smaller rapidity range is very good. Note that the ratios
of the pq-integrated deuteron and proton yields xneasured
by E802 [7] are larger —about 5 '%%uo

—because the measured
deuteron slope constants are much larger than those of
the protons.

Figure 16 also shows for Si + Al the prediction of
an isotropic thermal model for the deuteron-proton ratio
[cf. Eq. (8)]:

dN& t' (m~ —mz) cosh(y —y, ) —(pd —p,„))
!

(12)

exp T )

where mg 1.88 GeV/c2 is the deuteron mass, m„„are
the nucleon masses, p,„=p,~ ——510 MeV is the baryon
chemical potential, obtained &om consideration of the
volume and temperature [28], pg = 2@~ is the deuteron
chemical potential, and T = 140 MeV is the temperature.
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FIG. 16. Low-transverse-momentum deuteron-proton ra-
tios vs rapidity for 14.6A GeV jc Si + Al, Pb ~ p, d + X
at diHerent centralities. The curves plotted in the top two
panels for the Al target are the predictions of an isotropically
emitting thermal model with 140 MeV temperature and 510
MeV baryon chemical potential.

The temperature and the baryon chemical potential fix
the magnitude of this ratio. The isotropic thermal curves
(solid lines in Fig. 16) peak very sharply at midrapidity,
in clear disagreexnent with the rather Hat distribution of
the data. Although a thermal model explains the data
qualitatively [27], e.g. , it predicts the overall deuteron-
proton ratio —it does not describe the differential dis-
tributions. This discrepancy appears to be another in-
dication for longitudinal expansion. The protons have
already been seen to be much wider than an isotropic
distribution, and the deuterons are even wider.

V. CONCLUSIONS

We have seen that proton transverse mass spectra are
well described by Boltzmann parametrizations, a neces-
sary though not su8icient condition for a thermalized sys-
tem. Values of T~ as high as 150 MeV are observed for

y ) 2.5. These large values, especially when considered
simultaneously with those for other particle species, give
a strong indication for transverse How. For Si + Pb these
values increase systematically with increasing centrality,
even beyond the point of full overlap between the two
nuclei. This result could indicate the onset of a phase
transition.

We observe no significant nuclear transparency either
in Si + Pb or in the symmetric system Si + Al. No peak
is visible at or near beam rapidity in either system for
very central collisions. This indicates a large degree of
stopping and that a large baryon density is achieved in
these collisions. In fact, to the extent that models like
ARC and RQMD describe well the distributions of baryons
in phase space, we can take seriously their predictions for
configuration space distributions. RqMD [29] predicts a
peak baryon density 7 times the normal nuclear value for
central Si + Au collisions and an energy density of 1.75
GeV/fm, while ARc [30] predicts a peak baryon density
around 8 times that of normal nuclear matter.

The rapidity distribution for Si + Al, however, is much
wider than that for an isotropically emitting thermal sys-

tem, which may indicate only partial stopping, but more

likely points to longitudinal expansion of the system after
the collision. Deuteron-proton ratios at pq ——0 are much
Hatter than for an isotropic thermal system as well, also
suggesting longitudinal How. Studies using RQMD sup-
port this hypothesis, indicating full stopping followed by
longitudinal expansion.

The integral of the Si + Al rapidity distribution,
which is the total nuxnber of protons in the final state,
varies with charged particle multiplicity N, . This effect
is present in both ARC and RQMD as well. Selection of
the charged particle multiplicity biases resonance decays
to inHuence the number of protons in the final state.

The rapidity distributions of protons in both Si + Al

and Si + Pb change significantly in even the most central
collisions, well beyond full geoxnetric overlap in the case
of Si + Pb, demonstrating the importance of careful cen-
trality selection when coxnparing data to models or other
experiments.
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