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Particle production in proton-induced reactions at 14.6 GeV/c on Be, Al, Cu, and Au targets has been
systematically studied using the E-802 spectrometer at the BNL-Alternating Gradient Synchrotron.
Particles are measured in the angular range from 5' to 58' and identified up to momenta of 5, 3.5, and 8

GeV/c for pions, kaons, and protons, respectively. Mechanisms for particle production are discussed in

comparison with heavy-ion-induced reactions at the same incident energy per nucleon.

PACS number(s): 13.85.Ni, 25.40.Ve, 25.75.+r

I. INTRODUCTION

Experiments performed at the BNL Tandem-
Alternating Gradient Synchrotron (AGS) Complex using
heavy-ion beams of ' 0 and Si at 14.6 AGeV/e have
produced insight into the properties of nuclear matter at
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high baryon density and temperature [1—3]. To clarify
the reaction mechanism of these collisions, it is necessary
to understand the systematics of the underlying processes
such as @+A reactions with a variety of targets at the
same incident energy per nucleon. Unfortunately, such
data at central rapidities do not exist. A systematic set of
measurements of proton-induced reactions on Be, Al, Cu,
and Au targets at 14.6 GeV/c has therefore been per-
formed by the E-802 Collaboration using the same detec-
tors as for the ' 0 and Si beams.

While the global variables such as the transverse neu-
tral energy produced in the heavy-ion collisions are con-
sistent with an incoherent superposition of contributions
from individual p+ A reactions [1], the relative yields of
the produced particles show dramatic differences from
this picture. In particular, an enhanced E+/~+ ratio
(=20%) has been observed by the E-802 Collaboration
[2] in central Si+Au interactions in the central rapidity
region compared with p pinteractions (=-5%%uo) at about
the same incident energy per nucleon [4]. This result is

3906 1992 The American Physical Society



MEASUREMENT OF PARTICLE PRODUCTION IN PROTON-. . . 3907

of particular interest since an enhanced strangeness pro-
duction is predicted [5] as a signal for the onset of a
quark-gluon-plasma (QGP) phase in heavy-ion reactions
[6,7]. The observed enhancement has, however, also been
discussed in thermal models [8,9] and rescattering models
[10,11]. In the present measurement on p+ A reactions,
it is observed that, as the target mass increases, the in-
tegrated yield of pions changes little while the yield for
E+ is enhanced, resulting in a gradual increase of the
E+/n+ ratio. Furthermore, the rapidity distribution of
the E+/p ratio is nearly independent of the target mass,
suggesting a relationship between the yields of protons
and E+ mesons. These results provide new information
on strangeness production in heavy-ion reactions.

In this paper, the E-802 experimental setup will be
briefly described. A section is devoted to a detailed
description of the off-line analysis for obtaining the parti-
cle production cross sections. The systematics of particle
production for proton-induced reactions are then
presented together with a comparison with the results
from heavy-ion-induced reactions.

II. THE E-802 MAGNETIC SPECTROMETER

The main part of the E-802 spectrometer [12] (Fig. 1)
consists of a dipole magnet (J B dl ~1.5 Tm) with four
sets of tracking chambers (two before the magnet and two
after), a 160-element time-of-flight (TOF) wall, and a 40-
segment high-pressure (4-atm) gas Cerenkov counter
(GASC) followed by a position-sensitive back counter
(BACK). The spectrometer has a geometrical solid angle
of 25 msr, and it can be rotated to cover laboratory an-
gles from 5' to 58' in Sve angular settings, namely, by
placing the beam side edge of the magnet at 5', 14', 24',
34, and 44'. The polar angle bite is 14'. Data are taken
at each angle with both magnet polarities.

The drift chambers used for tracking are placed at dis-
tances from the target of approximately 1 (Tl), 1.5 (T2),
4 (T3), and 4.5 m (T4). Each set is composed of four or
five modules with wires at different angles. Local vectors
of particle trajectories can be constructed in T2, T3, and
T4 (which have a large enough separation between their
planes), and only space points can be constructed for T1

(higher segmentation but smaller plane separation). Mea-
sured single-particle resolutions are close to 150 pm,
while two-particle resolutions are about 2 mm. More de-
tails on the construction of the chambers can be found in
Ref. [12].

The time-of-flight wall is placed 6.5 m away from the
target position. It is made of pickets of plastic scintilla-
tor which are 78 cm high, 1.6 cm thick, and 1.6 cm wide,
except for 10 special pickets of double width (which are
needed because of geometrical considerations). Signals
are read out through light guides by photomultipliers at
each end. The timing resolution was measured picket by
picket with a 15-GeV/c negative-pion beam, and an aver-
age 0. of 75 ps is, at best, achieved after time slewing
corrections [12]. This corresponds to a E nsepar-ation at
the 5cr level for momenta up to 2.2 GeV/c.

The newly implemented gas Cerenkov counter has 40
cells, arranged in four horizontal rows of 10 cells each,
stacked one on top of the other. The cells, each with a
surface area 23 cm X28 cm, are mechanically and optical-
ly segmented, and each cell is viewed by a 5-in. pho-
tomultiplier via an elliptical mirror (33 cm X 38 cm). The
counter is operated with 4 atm of freon-12, corresponding
to an index of refraction n=1.0045, yielding about
10—15 photoelectrons for pions well above threshold.
%'ith the implementation of the gas Cerenkov counter,
the E-n separation is extended to 5 GeV/c, and protons
can be identified to 8 GeV/c, the latter with some kaon
contamination between 3.5 and 5.6 GeV/c. Kaon

8EAM

BTOT

BEAM
COUNTER

FIG. 1. A schematic layout of the E-802 spectrometer at the 5 setting. FO, T1, T2, the magnet, T3, T4, TOF, GASC, and BACK
are described in the text. The cross-hatched area in the frame is the magnetic-field volume. The TMA barrel and TMA wall are a
multiplicity counter of proportional tubes, surrounding the target. STOT and SWIC are part of the beam counter and beam diagnos-
tic detectors.
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identification, however, is limited to 3.5 GeV/c since the
TOF is unable to distinguish kaons from protons beyond
this momentum.

Immediately behind the gas Cerenkov counter, there is
a wall consisting of two layers of plastic streamer tubes
(BACK). The tubes are operated in proportional mode
and are read out by 6 cm X 5 cm pads arranged in 24 rows
and 64 columns. The main purpose of the wall is to
confirm particles after the TOF wall and the GASC tank.

Unlike previously published E-802 heavy-ion data, this
experiment is triggered on minimum-bias events by parti-
cles entering the spectrometer. This spectrometer trigger
requires at least one slat of a set of 21 plastic scintillators
(FO) in front of the first tracking chamber, as well as one
slat in the TOF, fired in conjunction with a valid beam
event.

Targets of Be (1480 mg/cm ), Al (1630 mg/cm ), Cu
(1440 mg/cm ), and Au (2939 mg/cm ) were used, as well
as a blank target frame for background evaluation [12].

III. ANALYSIS

The evaluation of the cross sections for particle pro-
duction consists of two major tasks: the reconstruction
of particle trajectories and particle identification. Since
the production of strange particles is of most interest, the
emphasis of this section will be on particle identification
and, in particular, on EC-m separation.

A. Tracking

Hit positions on the drift chambers are used to recon-
struct particle trajectories. The surveyed positions of the
drift chambers are adjusted slightly by examining straight
tracks taken in zero magnetic field runs to produce the
best alignment.

The reconstruction is started after the magnet by
finding, in the horizontal direction, those T3 and T4 hit
positions which form a straight line and are confirmed by
a TOF wall hit within +5 cm in the bending plane. Cor-
responding vertical hit positions and projections on other
wire modules are searched to confirm these candidates,
which are furthermore required to be confirmed by the
TOF in the vertical direction within +5 cm. The choice
of a 5-cm cut on the TOF wall results from considera-
tions of multiple scattering of the particles and the timing
resolution of the TOF wall (discussed later). In order to
reject background trajectories produced by secondary
particles, which are copiously produced in the down-
stream beam pipe and on the magnet yokes, the
confirmed track candidates are assumed to originate from
the center of the target, and are then propagated through
the magnet to the front chambers. Their projections on
T1 and T2 must be confirmed by hits on the chambers
within 1 cm. Once a track is established within the
search areas, a better fit to the hit positions of the
chambers is performed with the position at the target lo-
cation as a free parameter. A cut (2 cm) is imposed on
the distance from the target center to discriminate parti-
cles produced upstream. The particle momentum p as
well as the length of the trajectory, L, are calculated from
the best fit.

An evaluation of the reconstruction efficiency was ob-
tained by visual identification of tracks from the hit posi-
tions on the chambers. The results of the visual scanning
were compared with results of the reconstruction pro-
gram. It was concluded that, on average, 85% of all
tracks were reconstructed by the program. The statistics
of the visual identification was only sufficient to conclude
that the variation of the reconstruction efficiency with
angle and momentum is less than 10%%uo. The final cross
sections are corrected for the average reconstruction
efficiency.

B. Particle identi6cation

1. Detector calibration

Fm„=FTDC —
Fdlff . (2)

One 0. resolution of 110ps is achieved at this stage.
The timing resolution is further improved by correct-

ing for time slewing from the use of leading edge discrim-
inators: the pulse height from the photomultiplier varies,
and jitter occurs in the timing. This variation is correct-
ed to a large extent in software by studying the correla-
tion of the jitter, F „—F,„,and the measured energy
loss in the slat, El„,. Because of the exponential light at-
tenuation in the scintillator, the energy loss in a slat is
proportional to the geometrical average of the outputs
from the two analog-to-digital converters (ADC's), and it
is normalized by the minimum-ionizing particles. A sim-

ple method is used for the slewing correction and a typi-
cal resolution of 75—80 ps is achieved using

—1/2
Fslew Fmea CslewE loss + slew (3)

where F „and F,l, are the measured and the slewing
corrected time of flight, respectively, and C,l,„and 0„,„
are the parameters of a linear least-squares fit of

The calibration of the TOP wall is performed iterative-
ly by using the reconstructed tracks. The quantities in
the calibration include the time of flight of particles, the
vertical hit position on the slats, and the energy loss in
the slats. The measured time of flight is the time
difference between the TOF slat and the beam counter:

FTDs=T,),k(C„@+Cd„„)/2—T,'i,k(C„'p+C~„„)/2, (1)

where T,i,k is the time-to-digital converter (TDC) conver-
sion constant which is calibrated to be about 50 ps per
channel. C„and Cd„„stand for channel numbers for the
TDC's of the up and down photomultipliers. The primed
quantities correspond to those of the beam counter.

To start the calibration, negative tracks of high-
momentum (p &0.8 GeV/c) are first selected and as-
sumed to be pions. With the pion mass assigned to the
particle, an expected time of flight F,„~, can be calculated
based on the reconstructed momentum p and flight path
L in the tracking. For a given slat, the measured time of
flight FTDC is compared to the expected time of flight

F„„and the mean of the difference, denoted as Fd;ff, is

determined. The time of flight of a particle in the experi-
ment is therefore the time of fight converted from
TDC's, FTDC, minus the offset:
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—1/2
mea +exp loss

The vertical hit position on the slats, Yh;„ is calculated
by taking the difference of the TDC's from the two pho-
tomultipliers, and it is calibrated using the projections on
the TOF wall from the established trajectories. A least-
squares fit over many hits on a slat is used to determine
the parameters Y,&, and Y,z., defined as

hit slop l up dwn off ) (4)

2. Procedures and corrections

(a) Procedures. The particle identification scheme is
shown schematically in Fig. 2.

Electrons are identified up to 1.4 GeV/c by TOF and
GASC (p &0.6 GeV/c) or by GASC alone. Above 1.4
GeV/c, electrons are counted as pions, since both give
1ight in the GASC counter and cannot be distinguished

The one o resolution of hit positions is better than 1.2
cm.

The light yield detected by the photomultipliers of the
GASC cells are first calibrated by the one photoelectron
peak. A ce11 of the GASC detector is considered fired if
its output signal is larger than 0.5 photoelectron (the typ-
ical output is 10—15 photoelectrons for high-momentum
pions). The thresholds of the GASC detector with freon-
12 at 4-atm pressure are 1.6 GeV/c for pions, 5.6 GeV/c
for kaons, and 10.8 GeV/c for protons. Since particles
may become lost because of interactions or decay in the
GASC tank, the BACK counter is needed to reject these
tracks from further analysis: a track is considered
confirmed by the BACK counter if the projected pad or
any of its neighbors are fired. Efticiencies related to these
technical issues will be discussed later.

by TOF. At the low momenta and the 5' spectrometer
setting, the electron yield is about 5% of the pion yield,
but above 1.4 GeV/c it is smaller.

Pions below 1.4 GeV/c are identified by TOF with the
condition of no light in GASC. After most of the pions
have been positively identified by GASC in the momen-
tum range 1.6 &p + 2.5 GeV/c, the K-m. separation is fur-
ther improved by the TOF. Above 2.5 GeV/c, E use-p.a-
ration is entirely based on GASC but confirmation from
the BACK counter is demanded. Identification for pions
is limited to 5 GeV/c, with the only contamination in the
pion spectra from electrons above 1.4 GeV/c.

Kaons are identified uniquely by TOF up to 1.6 GeV/c.
Above this, GASC distinguished ~+e from p+K and
TOF provides the E-p separation up to momentum of 3.5
GeV/c.

Finally, protons are identified by TOF up to 3.5
GeV/c. Above 5.6 GeV/c, kaons give light in the GASC
and protons can be identified uniquely from the lighter
particles by no light in GASC with confirmation from the
BACK counter. The limit of proton identification is at 8
GeV/c. In the range from 3.5 to 5.6 GeV/c kaons are
counted as protons, presumably a negligible contamina-
tion.

Figure 3 illustrates the quality of the E-~ separation in
the range 2.0 &p &3.5 GeV/c. The abscissa is the
square of particle mass derived from the time of Bight,
the path length, and the momentum. The ordinate is the
number of counts. The lower panel shows the distribu-
tion without any GASC information, while for the upper
panel any particle which gives light in the GASC is re-

50— p+Au spec. trigger at 14.6 GeV/c
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FIG. 2. The particle-identification scheme. The dash, solid,
and dotted lines represent the momentum ranges in which the
information from the TOF, GASC, and BACK, respectively, is
used for the separation of particle pairs indicated in the figure.
The di8erent ranges of momentum for the separation of pions
and kaons from protons by GASC are indicated separately.

0—0.1 0.0 0.1 0.2 0.3
m (Gev/c )
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FIG. 3. The distributions of mass square for identified pions
and kaons in the m.omentum interval 2.0~p 3.5 GeV/c. The
lower panel shows the distribution for pions and kaons
identified by the TOF. Further rejection of pions is performed
by the Cerenkov counter and the remaining kaon distribution is
plotted in the upper panel. The negative value of mass square
for some of the pions is because of the finite resolution (75—80
ps) of the time-of-flight measurement.
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jected. Negative values on the abscissa are an artifact be-
cause of finite TOF resolution.

(b) E+ciencies and corrections .At the edges of cells in
the GASC counter, the amount of light produced by
high-momentum pions is found to be lower than at the
center because the particle may exit the magnet with
large angles with respect to the normal direction of the
cell surface. However, by summing up light yields of the
neighboring cells for hits on the edges, this variation is al-
most eliminated. When confirmed by the BACK
counter, 99.5% of pions are identified by the GASC
detector for momenta higher than the threshold.

The response of BACK to pions and protons can be
thoroughly studied by selecting these particles with the
TOF. However, the selection of kaons by the TOF is lim-
ited in momentum. Figure 4 shows the ratios of the num-
ber of tracks confirmed by the BACK to the total number
of identified tracks as a function of momentum for pions,
kaons, and protons. The ratios for pions and protons are
very similar, and they become flat at high momentum.
An assumption is made that, without decay, kaons would
have the same BACK counter efficiency as pions. In oth-
er words, the efficiency for kaons is that of pions multi-
plied by the kaon decay probability. Since a BACK
counter confirmation is assigned if the projected pad or
any of its neighbors fire, the decay correction to the
BACK counter has been calculated by Monte Carlo
methods. The open points in Fig. 4 show the results of
this assumption, and they agree well with the points mea-
sured at low momentum. Hence, this extrapolation of
kaons to high momentum is adopted.

While the decay probability of particles from the TOF
wall to the BACK counter is included in the efficiency of
the BACK confirmation, the decay of kaons from the tar-
get to the TOF wall is also corrected by the survival
probability as a function of momentum. For pions, how-
ever, the decay product (muons) will travel along almost
the same trajectory as that of the pion so that some of
these tracks are reconstructed. The pion decay correc-
tion has been studied by Monte Carlo simulations [13],
and the result is used in the analysis. Because of multiple
scattering, low-momentum protons are corrected for the
loss introduced by various cuts (for example, target posi-
tion). Gaussian fits have been performed for the distribu-
tion inside the cuts to extrapolate the fraction outside the
cuts [14]. The corrections are approximately 10% at 0.5
GeV/c and become less important at higher momenta.

C. Systematic errors in normalization

After corrections for acceptance and efficiencies, tracks
are sorted into bins of difFerent kinematic variables and
normalized by the number of live beam particles for the
spectrometer trigger. For each bin, contributions from
all of the overlapping settings are summed and normal-
ized. For example, Fig. 5 shows accepted kinematic
ranges of transverse momentum and rapidity resulting
from a set of spectrometer settings of p+Au reaction for
the identified pions, kaons, and protons, respectively,
with the bins indicating where final cross sections are
evaluated. Typically, about +(1—2) % deviation of nor-
malization is observed for runs taken at the same spec-
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FIG. 4. The response of the BACK counter to various parti-
cles is plotted for different momenta. Open square, circle, and
solid diamond are evaluated by counting the fraction of good
tracks which fire the pads of BACK counter in the designated
areas for protons, pions, and kaons, respectively. The open dia-
monds are the products of pion efficiencies and kaon decay
probabilities. They coincide with data for kaons in the mornen-

tum range of TOF identification.
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FIG. 5. An example of the acceptance coverage in transverse
momentum and rapidity resulting from a typical set of spec-
trometer settings.
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trometer settings, and +(7—8)% for different settings
within overlapping acceptance. The overall uncertainty
in the normalization of the cross section is estimated to
be about +(10—15) %. The momentum spectra of pion
production in p+Be reactions have also been compared
with the measurement p+Be~m++X from the ANL
Zero Gradient Sychrotron (ZGS) at 12.5 GeV/c [15].
There is a satisfactory agreement both in the spectral
shapes and in absolute cross sections.

IV. INVARIANT CROSS SECTIONS

Figures 6—9 show the particle spectra, measured with
the spectrometer trigger, for reactions on Be, Al, Cu, and
Au targets, respectively. The spectra are presented as in-
variant cross sections versus transverse kinetic energy,

(m~ —mo)c =Q(moc ) +(p,c) —moc

There are six panels in each figure for the identified parti-
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cles: ~+, m. , p, K+, E, and deuterons. In each panel,
spectra are binned in a rapidity interval of 5y =0.2 and
are presented if more than five points, each with a
minimum of 2 counts, are measured. The spectra are dis-
placed vertically by multiplying each by powers of 10
with the bottom spectrum at the smallest rapidity. The
uncertainties shown are statistical only. The low m~ end
of the spectra is cut off by the acceptance of the spec-
trometer, with the cutoff changing with rapidity and par-

ticle species. On the high mz end of the spectrum, the
cutoff is determined by the particle identification (PID)
limit at large rapidities and limited by statistics at low ra-
pidities.

In general, the spectra exhibit exponential distribu-
tions. Over three or four decades there is no significant
deviation from exponential shapes observed in the distri-
butions of pions and protons. Because of poorer statis-
tics, the spectra of kaons and deuterons have larger fluc-
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tuations, but the spectra are still consistent with being ex-
ponential. The spectra, therefore, can be parametrized as

0 —m1/8=He
2~m~dm~dy

Figures 10—13 show systematically the fitted inverse
slope parameter B, in units of MeV/c for the spectra of
reactions on Be, Al, Cu, and Au targets as a function of
rapidity. The uncertainties indicated are statistical only,

and the systematic error on B comes from the uncertain-
ties of momentum measurement and the uncertainty of
fitting over diferent spectrum range in m, —mo at
different rapidity (see Figs. 6—9). It is estimated that the
systematic uncertainty on B is typically less than 5%. In
all reactions, the B parameters for m. + and m have very
similar values, and the values for deuteron and proton are
close to one another. For kaons, no systematic trend
could be discerned because of the rather poor statistics.
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Generally, the inverse slope parameters for all the parti-
cles but kaons decrease towards both the projectile and
the target rapidities.

The limited acceptance at small transverse mass intro-
duces uncertainties in the shape of the spectra near the
origin (m~ —mo =0), and an extrapolation to this low m~
region is needed in order to integrate the particle yields
from the spectra. It is assumed in all further analysis
that the spectra are exponential as described by Eq. (5)
over all m~. Therefore, the particle production yield can

be integrated as follows:

r

do' d CT

dy ~0 o 277m~ dmj dy

=2Am.8 (1+mo/B)e

Figures 14—17 show the integrated cross sections
der/dy as a function of rapidity for reactions on Be, Al,

p+Au spec. trigger at 14.6 GeV/c
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FIG. 10. Rapidity distributions of inverse slope parameters 8
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proton-induced reactions on Be with a spectrometer trigger.
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FIG. 12. Rapidity distributions of inverse slope parameters 8
in units of MeV/c for m+, K+, protons, and deuterons in the
proton-induced reactions on Cu with a spectrometer trigger.

Cu, and Au targets, respectively. Pions, kaons, protons,
and deuterons are included in the 6gures, and the uncer-
tainties shown are statistical only. The points are placed
in the center of the rapidity interval in which the data

were binned.
In order to compare the particle production in each

collision for various targets, the do /dy spectra of Figs.
14-17 are renormalized to each interacting projectile
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proton (see Fig. 19j, namely,

FIG. 16. Rapidity distributions of integrated cross section
do. /dy for m.+, E+, protons, and deuterons in p+Cu collisions
obtained with a spectrometer trigger.
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where o.;„,& is the inelastic cross section for pA collisions.
There are some uncertainties in o;„,&, especially for the
proton-induced reactions on light targets. Measured in-
elastic cross sections [16,17] are tabulated in Table I. For
comparison, the geometrical cross section of the targets is
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also listed as o =n(1.2A' ) . The comparison be-geo
tween the measurements (a;„,& and cr&„,i) indicates an un-

certainty of approximately 10%. We choose the mea-
sured total inelastic cross sections of Ref. [16] at incident
momentum 20 GeV/c, slightly higher than 14.6 GeV/c
used in the present experiment, for the normalization.

V. COMPARISONS AND DISCUSSION
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FIG. 18. A comparison of inverse slope parameters for ~+
(cross point) and protons (solid point) as a function of rapidity
in p+Be, p+Al, p+Cu, and p+Au collisions obtained with a
spectrometer trigger. The errors show statistical uncertainties
only.

Figure 18 compares the target dependency of the in-
verse slope parameters 8 for ~+ and protons. There is
little change in B for m+ from p+Be (150+1.3 MeV for
1.2&y &1.4, for example) to p+Au (15421.9 MeV for
1.2&y &1.4} reactions. This B value is also similar to
that observed in the pion spectra from central Si+Au re-
actions (162+3.6 MeV for 1.2 &y & 1.4} [2].

The distribution of the inverse slope parameter for pro-
tons, however, changes gradually with target. For the
high-rapidity protons (y + 1.2), the inverse slope parame-
ter becomes larger for heavier targets, increasing from
150 to 175 MeU at rapidity y =2.0 from p +Be to p +Au
with a minimum bias trigger. In heavier targets, the pro-
jectile proton suffers an increasing number of interactions
due to the larger number of participant nucleons in the
target, and the effect of these interactions is to increase
the average transverse momentum. In central Si+Au re-
actions, the inverse slope parameter for protons is further
increased (the highest is 24022.7 MeV for 1.4&y & 1.6),
presumably since nucleons in both the projectile and the
target can collide with several nucleons. In contrast, pro-
tons at low rapidities (y &1) from p+A reactions are
most likely target nucleons and struck only once by the
single projectile proton, and their inverse slope pararne-
ters show little target dependence, with values similar to
those of pions.
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lisions. The dn Idy is normalized to the inelastic cross sections
from Ref. [16] for these reactions. The errors show statistical
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Figure 19 shows the normalized spectra of dn/dy [see
Eq. (7)] for the reactions on Be, Al, Cu, and Au targets.
The dn/dy distributions of p+Be (the first panel} for all
particles but deuterons are very broad, and for protons it
exhibits an approximate symmetry around the nucleon-
nucleon center-of-mass rapidity (y~N=yb„ /2=1. 72),
indicating that these collisions are dominated by single
nucleon-nucleon collisions. Their cross section rises to-
wards the rapidities of projectile (3.4} and target (0) and
exhibit a minimum at y„„. Pions and kaons are created
particles, and the maxima of their cross sections are lo-
cated around the central rapidity y„„. The m+ spectrum
is distributed somewhat forward and its yield is about
30% more than that of m at high rapidities (y 2). This
is consistent with fragmentation of the proton projectile.
As in p-p reactions, kaons, with a finite strangeness quan-
tum number, have smaller yields than pions. The positive
kaons show a relatively flat rapidity distribution while the
negative kaons seem to be distributed narrowly around
y„„, reflecting their different production mechanisms:
E 's are produced as a pair with E+'s, while E+'s can
also be produced in association with strange baryons such
as A. In the measured kinematic region there are rough-
ly four times more E+ than E . Deuterons are mainly
located in the low-rapidity ranges, and their yields de-
crease quickly toward higher rapidity.

As the mass of the target increases, there are gradual
changes in both the magnitude and shape of the rapidity
distribution. The maxima of the produced particles
a*,E*, shift towards the target rapidity. The yield of
protons decreases in the forward rapidity, which is con-
sistent with the intuitive picture that, as more target nu-
cleons are involved in the reaction, the projectile protons
may interact more times and are further shifted down in
rapidity. %Pith larger uncertainties, the K distribution
may show the same shift. In contrast with the distribu-
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tion for p+Be, the particle distributions for p+Au are
not symmetric around y„„but are shifted toward target
rapidity. There are still more positive than negative
pions in the forward rapidity, but the difference is re-
duced compared with p +Be. Relative to the other parti-
cles, deuteron yields increase most significantly with the
target mass.

Figure 20 compares the relative yields, normalized to
the yields in p+Be, of m

+—
,K —,and protons for different

targets as a function of rapidity. For protons, a strong
enhancement towards the target rapidity is observed for
the heavy target, while the ratios decrease in the forward
rapidities. The ratio (dn/dy /~A„/(dn/dy Y~a, changes
from 0.6 to 3.5 over the measured rapidity range. Pions
have a similar but less pronounced dependence on target
mass. Kaons, however, show an enhancement at all rapi-
dities, especially at lower rapidity, where the ratio is close
to that of protons.

While the shape of the dn/dy distributions changes
significantly for pions from p +Be to p +Au, the integrat-
ed yield over the measured rapidity of pions does not
change very much. This is not true for kaons, and one
sees a steady increase of kaon yield with the target mass.
Since the shapes of the distribution change and the cross
sections are measured over a limited rapidity range, it is
diScult to make a direct comparison of total yields of
particle production for the various targets. In the mea-
sured region of kinematics, 0.6 ~y ~ 2.6 for pions,
0.6 y 2.2 for kaons, and 0.6 y ~2.4 for protons, the
ratios of the integrated yields of p+Au to @+Be are
1.08+0.03 for m+, 1.27+0.05 for m, 1.81+0.18 for E+,
and 1.95+0.02 for protons. The ratios for pions are
markedly smaller than that for K+. It is curious that the
increase of K+ and protons as a function of target mass
are similar and much larger than that of pions (see
below).

While the pion yield remains roughly constant from

p +Be to p +Au, the K+ yield, as mentioned above, in-
creases substantially. This causes an increased K+/m+
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FIG. 21. E/~ ratios as a function of rapidity for p+ Be (solid
circle), p+A1 (open square), p+Cu (diamond), and p+Au
(open circle) reactions for the spectrometer trigger. For com-
parison, also plotted are the ratios for central Si+Au (solid
square) reactions [2]. The upper and lower panels show the ra-
tios for positive and negative particles, respectively. The errors
show statistical uncertainties only.

ratio for heavier targets, as indicated in Fig. 21. The top
panel shows the ratio E+/m. +, and the bottom panel the
ratio K /~ . For example, in the rapidity range
1.2 ~y ~ 1.4, we observe a gradual change of E+/~+ ra-
tios: (7.8+0.4) %, (9.9+0.5) %, (10.8+0.6) %, and
(12.5+0.6) % for p+Be, p +Al, p +Cu, and p +Au, re-
spectively. In the region of small rapidity, the increase of
this ratio is more dramatic with increasing target mass.
Still larger increases of this ratio have been observed for
central Si+Au reactions [(19.3+0.9) % for 1.2 ~y ~ 1.4].
Better statistics are needed to conclude on any target
mass dependence in the K /m ratios. The K+/a+and.
K /m ratios obtained for p+Be are close to those from
p-p data [4]. The result that the K+/n+ ratio increases
with the target mass is somewhat surprising. At AGS en-
ergies and below, the E+ yield in p +p interactions de-
creases faster with decreasing energy than the sr+ yield
[18]. In a naive picture of successive collisions of the pro-
jectile proton with target nucleons in heavy targets, a de-
creasing ratio is expected.

It is of interest to compare the multiplicity of created
particles divided by the multiplicity of the protons for the
different targets Figure 22 displays the m. + /p and K+ /p
ratios as a function of rapidity for all the targets. The
m+/p ratios, as indicated in the upper row of the figure,
decreases systematically with increasing target mass at
backward rapidities (y y„„), and is approximately con-
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stant in the rapidity region forward ofy„„.
The rapidity dependence of E+/p is just as strong as

that for m. +/p. However, the E+/p ratios exhibit a re-
markable target mass independence. This target mass in-
dependency is in marked contrast to the ratio for pions.
Stated in another way, in the backward rapidity region,
for every proton observed at a given rapidity in the col-
lision there is a definite probability of finding a E+ at the
same rapidity regardless of the target. This is a surprise
and a stringent test of any proposed reaction models.

FIG. 22. Rapidity distributions of m. +/p and E+/p ratios for
p+Be (solid circle), p+A1 (open square), p+Cu (open dia-

mond), p+Au (open circle) collisions of spectrometer trigger at
14.6 GeV/c.

VI. SUMMARY

Measurements of particle production in proton-
induced reactions at 14.6 GeV/c on Be, Al, Cu, and Au
targets have been performed at the BNL AGS with the
E-802 spectrometer. The yields of m.*,E, protons, and
deuterons have been identified by time of Bight and the
segmented gas Cerenkov counters to momenta of 5, 3.5,
and 8 GeV/c, respectively. Measured spectra are extra-
polated in m~ as a single exponential distribution and in-

tegrated over m j to obtain dn /dy. The shapes of particle
distributions as a function of rapidity change from p+ Be
to p +Au reactions, with more particles, especially E+,
produced at lower rapidity and fewer particles towards
projectile rapidity for heavy targets. While the inverse
slope parameter of protons increases systematically with
increasing target mass, the parameter for pions is re-
markably constant from p +Be to p +Au reactions. The
E+/sr+ ratio shows a systematic increase as a function
of target mass. The yield ratio of E+/p remains constant
at a given rapidity for the range of targets measured, in
marked contrast to the m. +/p ratio. While a clear ex-
planation for the enhancement of E+ production by
heavy targets is lacking, it clear that there is an evolu-
tionary increase in the E+ yield with the projectile and
target mass.
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