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We present measurements of kaon and antiproton production cross sections in the momentum re-
gion of 700 MeV/c from 0° to 10° by 28.4-GeV/c protons on complex nuclei. A model to describe
the A dependence of these cross sections is discussed and compared with these and other data.

I. INTRODUCTION

In a low-energy separated beam at the Brookhaven Al-
ternating Gradient Synchrotron (AGS),! we have mea-
sured the production cross sections for kaons and antipro-
tons in the kinematic region of 700 MeV/c, near 0°, by
28.4-GeV/c protons. Aluminum, copper, and platinum
targets were also used to study the dependence of these
cross sections on nucleon number.

While low-energy beams have existed for many years
and production cross sections from complex nuclei have
been measured by many groups, there are scant data in the
kinematic region of this experiment. Table I summarizes
those which do exist for incident-proton momenta below
30 GeV/c.2~12

In addition to the interest in particle-production cross
sections for their fundamental physics merit and for fu-
ture facility development, there is a long-standing discus-
sion about the nucleon-number dependence of particle
production mechanisms.!3~2° In this paper we pursue
this discussion by presenting a cascade model which em-

ploys known particle-particle interaction phenomena to
describe production in nuclear matter. The results of this
model are compared with our data and that of other ex-
periments over a wide range of incident- and secondary-
particle momenta.

We begin by describing the beams and detectors in-
volved in the measurement. This is followed by a descrip-
tion of the data-acquisition and analysis techniques; our
cross-section results and comparison with an empirical
model; and, finally, the formulation, predictions, and
comparisons of our model with published data.

II. PRIMARY BEAM

The primary beam of 28.4 GeV/c protons was extract-
ed from the Brookhaven AGS and transported by the C
and C3 beam lines to the production target. Typically
this beam had an intensity of (2—3)x 10'? protons per
machine pulse (approximately 0.9 second in duration), and
had a Gaussian profile with full width at half maximum
(FWHM) of 8.6 mm horizontally and 3.3 vertically.

TABLE 1. Previous negative-kaon-production measurements.

Incident momentum Secondary momentum

Angular range

(GeV/c) (GeV/c) Particle (mr) Target Reference
24.0 4.0—-18.0 K—,p 17—127 Be,Al,Cu,Pb 2
12.3 0.5—-1.0 K—,p 0—175 Be,Cu 3
19.2 0.6—1.2 K—,p 260 Be 4
18.8, 23.1 4.0—-12.0 K—,p 0,100 Be 5
12.5 2.9-5.8 K- 35—140 Be 6
30.0 1.8—2.0 K—,p 230 Al 7
10.0—-30.0 1.3—-16 K—,p 83—350 Be,Al 8
12.9 0.7-2.1 K—,p 0 Be 9
10.0—-24.0 0.4—1.4 K—,p 0 C,Cu,W 10
24.0, 26.0 0.6, 1.2 D 310 Be 11
27.0 0.6—4.1 D 200 Be 12

32 11 ©1985 The American Physical Society



12 J. M. SNOW et al. 32

These profiles were determined both by means of
segmented-wire ion chambers (SWIC’s) upstream of the
target and by measurement of secondary-beam rates as a
function of primary-beam position, this position being
controlled by magnets in the C3 line. The latter method
of measuring the beam profile was also used to ensure
maximum primary beam on the production target.

The absolute number of protons on the target was
determined by measuring the total-beam intensity using a
secondary-emission chamber (SEC) located 1.64 m
upstream of the target, and computing the overlap proba-
bility of the beam distribution with the target cross-
sectional area. The SEC was calibrated by aluminum-
foil-irradiation techniques twice during the experiment.
The two measurements agreed to within 10%, and this er-
ror is included in the uncertainty estimates of the overall
normalization of the cross sections.

The platinum, copper, and aluminum production tar-
gets were limited to approximately < of a strong-
interaction length to minimize tertiary production and
secondary interactions by the desired particles. These tar-
gets were 0.5 cm high by 1 cm wide and 0.635, 0.914, and
2.29 cm along the primary beam, respectively.

III. SECONDARY BEAM AND DETECTOR

The secondary beam, identified as the C8 beam line at
the AGS, is shown in Fig. 1. The proton beam, inclined
at an angle of 5° from the optical axis of the C8 line, im-
pinged on the production target at the position designated
by the X on the left-hand side of the figure; the X on the
right-hand side is the final-image point. The first element
is a vertically deflecting dipole (P 1) followed by a hor-
izontally focusing quadrupole (Q1), a 45° sector dipole
(D 1), a sextupole (SEX1), and a vertically focusing quad-
rupole (Q2). These magnets focus rays from the target to
a horizontally dispersed image at the sextupole (SEX2) lo-
cated between the two beam separators (BS1 and BS2).
Collimators (K1 and K2), located upstream and down-
stream of SEX2, limit the momentum acceptance of the
beam. The vertical focus for the Q1-Q2 doublet occurs
downstream of the second beam separator at the vertically
collimating “mass slit” (K3). The mass slit is in the en-
trance of a horizontally focusing quadrupole (Q 3), fol-
lowed by a vertically focusing quadrupole (Q4), a 45° sec-
tor dipole (D2), and a horizontally focusing quadrupole
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FIG. 1. Diagrams of the C8 beam line showing the function-
al properties of the optic system in the upper part of the figure
and the physical layout of the beam in the lower.
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FIG. 2. Ray trace of selected rays transported through the
C8 beam. The collimators K1 and K2 are shown as employed
in this experiment.

(Q5). The beam elements Q3 to @5 form an approxi-
mate triplet-quadrupole system to focus the intermediate
images to a final image in both the horizontal and vertical
planes. The dipole D 3 was a spectrometer magnet used in
subsequent experiments.

The solid angle AQ and fractional momentum accep-
tance AP were approximately 6 msr and 0.06 (FWHM),
respectively. Values of AQ AP were calculated in detail
by Monte Carlo techniques using a modified version of
the beam-transport program BETRAF. Sample rays
through the apparatus are shown in Fig. 2.

The vertical acceptance of the beam, +15 mr, was es-
tablished by the gap of the separator BS1, while the hor-
izontal acceptance of +100 mr was determined by a colli-
mator in Q2. Measurement of the angular dependence of
the production cross section near 0° was facilitated by
varying the vertical-production angle into this small ac-
ceptance with a movable target in the gap of P1. The tar-
get was positioned, and the current in this magnet adjust-
ed, so that rays with a desired production angle would
enter Q1 along its optic axis. This procedure is shown
schematically in Fig. 3. The full momentum acceptance
of the beam with the K1 and K2 jaws fully open was
AP/P~+0.03. For this experiment, however, the
momentum pass was limited to AP/P~+0.003. Figure 2
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FIG. 3. Schematic diagram of the method of angle selection
using the P1 pitching magnet. The insert in the upper right
shows the acceptance of the beam line in horizontal angle
(6p)—vertical angle (8,) space for different target-position set-
tings (A,B,C).



shows these stops in this configuration while depicting
high- and low-momentum rays (+0.01) which are passed
if the stops are open.

Located at the exit of the mass slit was a scintillation-
counter hodoscope of ten counters, SH; which determined
the horizontal position of rays at that point in the beam.
These counters, each 3.18-cm wide and 5.1-cm high, and
the position of the target determined the angles of produc-
tion. Variation in the vertical position of the target result-
ed in a corresponding variation in the polar production
angle of acceptance of a particular SH counter. For the
several target positions different counters could subtend
the same production angle, thus allowing redundancy in
the cross-section measurements.

The detector system included the SH hodoscope, a scin-
tillator S'2 at the final focus, and a Cerenkov counter C
used to veto pions in the beam. The detectors are shown
in Fig. 1. Particle identification was made by measure-
ment of the time of flight of beam particles from the SH
counters to S2. At the highest beam momentum, 730
MeV/c, the time-of-flight difference between kaons and
pions was 3.4 ns and that between antiprotons and kaons
was 7.5 ns.

IV. DATA ACQUISITION

At each momentum and target position, magnet
currents in the secondary beam line C8 were adjusted.
Specifically, Q1 and Q2 were tuned for maximum
transmission through the transport system, and the
separator BS1 was set to send the desired particles
through the mass slit. In this process Q2 was the most
sensitive factor since this magnet exercised the greatest
control over the longitudinal position of the intermediate
vertical focus. As mentioned above, for each change in
target position the primary beam C3 was tuned to optim-
ize the number of protons incident on the production tar-
get. .

Once the beams were turned, data samples were taken
with the separators set to transmit separately kaons, an-
tiprotons, and pions. The pion sample established a back-
ground time-of-flight spectrum to be subtracted from the
kaon and p data. A run was also taken with an empty
target holder to determine backgrounds not associated
with the target. Typically, empty backgrounds were less
than 10% of the signal levels and were appropriately sub-
tracted in the data-reduction process. As a further check
on the measurement, data were taken with two openings
of the mass slit.

The data consisted of the SH; counter hit information,
and the SH;-S 2 time of flight for each event; scaler infor-
mation for SH, S2, SH-S2-C for each machine pulse; and
monitor information from the SEC. Also the proton flux
in the C line was noted for each data run. From the
scaler information and the time-of-flight spectra the num-
ber of kaons or antiprotons observed at the exit of the
secondary beam per proton in the incident beam was ex-
tracted.

V. DATA ANALYSIS

The doubly differential cross section in the laboratory
frame for the ith SH counter in units of square centime-
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ters per steradian per GeV/c¢ per nucleus is calculated
from the equation:

dZO','(ei,P) n;kA
dQdP ~— AQ;APxN,pTph(1—f)(1—g) ’

(1)

where 0; =the average production angle accepted in the
ith SH counter (mr), P=the average momentum in the
beam acceptance (GeV/c); AQ; =accepted solid angle in
the ith SH counter (sr), AP; =accepted momentum range
of the ith SH counter (GeV/¢), n; =counts in the ith SH
counter after background subtraction, k=decay-in-flight
factor, A=atomic weight of target nucleus (g), x =target
length (cm), N, =Avogadro’s number, p=density of the
target (g/cm?), Tp=integrated number of protons at the
target, hA=fraction of incident protons on the target,
f=average fraction of protons absorbed in the target,
g=fraction of secondaries absorbed by beam-line materi-
al.

The factors 6;, AQ;, AP;, and P were determined from
the Monte Carlo beam-ray-tracing program. This was ac-
complished by generating particle trajectories uniformly
over a 4 solid angle and broad momentum band, and
averaging the production angles and momenta of those
rays accepted in the ith SH counter. Absorption of the
secondary particles in the target was also included at this
point.

The experimental number of counts in the ith SH
counter, n;, was determined from the time-of-flight spec- -
tra after subtraction of normalized pion and empty target
spectra, with the time distribution of pions being deter-
mined from runs with the separators tuned to pions. Raw
data and subtracted spectra are shown in Figs. 4 and 5 for
kaons and antiprotons, respectively. The subtraction pro-
cedure was followed for each SH counter in each data run.
The number of particles detected in each counter was then
determined by summing the total number of counts in the
respective distribution.

Fractional absorption of primary and secondary parti-
cles, f and g, were calculated using known absorption
cross sections and were typically f~0.033 for protons,
g~0.017 for kaons, and g~0.075 for antiprotons. The
factor due to decay in flight, k, including the probability
that decay products can remain in the signal sample, is set
equal to one for antiprotons and 19.7, 27.0, and 36.7 for
kaons with average momenta of 0.730, 0.662, and 0.606
GeV/c, respectively.

The statistical uncertainty in the subtracted signal
ranges from about 2% of the signal for the most popu-
lated counters to 20% of the signal for the counters at the
periphery of the acceptance. An 11% uncertainty in the
signal arises from uncertainty in the SEC calibration and
in the estimate of fraction of beam on target. '

The ability to measure cross sections at the same kinetic
points with different target settings, as well as the ability
to measure cross sections at different angles simultaneous-
ly with the various SH counters, allowed checks on the
measurements. The counter populations were simulated
by the Monte Carlo calculation for the several data-
acquisition configurations. The solid angle of the beam
system was thus determined using the known properties of
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FIG. 5. Time-of-flight spectra for antiproton data. (a) Raw spectra, (b) pion-subtracted spectra.

FIG. 4. Time-of-flight (TOF) spectra for kaon data for SH counters 3 through 6. High channels correspond to early times; cali-
bration is approximately 10 channels/ns. (a) Raw spectra, (b) spectra with pion time-of-flight distribution subtracted.
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"TABLE II. Differential cross sections for K~ production by
28.4-GeV/c protons.

Momentum Angle d*/o/dQdP
(GeV/c) Material (deg) [mb/(sr GeV/c)]
0.730 Pt 3.07 19.61+1.62

5.04 22.59+2.26

7.39 15.61+1.16

8.53 10.50+1.09

0.730 Cu 2.76 7.68+0.66
5.33 6.09+0.50

7.48 5.00+£0.43

9.41 3.52+0.68

0.730 Al 3.04 3.48+0.35
4.51 3.06+0.38

7.04 2.53+0.27

8.61 2.66+0.59

0.660 Pt 2.83 23.75+1.67
4.29 20.27+1.45

6.80 15.12+2.34

8.58 12.05+0.79

10.46 12.30+2.06

0.660 Pt 3.17 18.36+3.07
4.36 17.09+1.85

8.92 9.93+0.85

10.95 7.89+1.33

the beam-transport elements. By varying the parameters
of the beam elements within their known tolerances and
generating new SH counter distributions for the altered
parameters, the same program determined the uncertain-
ties in the solid angles. A constraint in this process was
that the generated counter distributions be consistent with
the observed distributions.

VI. KAON CROSS SECTIONS

The results of the kaon-production measurement are
given in Table II and depicted in Fig. 6. Since the pro-
duction cross sections from platinum vary only slightly
over our momentum range, the results for all momenta
can be shown in the same figure. Also shown are the re-
sults for copper and aluminum at 730 MeV/c. The
straight lines in this figure are the results of the least-
square fits to the 730-MeV/c points. Extrapolating these
lines to 0°, we show in Fig. 7 the O° cross sections as a
function of target nucleon number with a straight-line fit
to the data superimposed on the double-logarithmic plot.
The parameters of that fit are given in the figure. The
resultant exponent for the 4 dependence is 0.867+0.064.

Figure 8 presents all of the data at 730 MeV/¢ divided
by their respective values of A%87  As can be seen, the
angular dependence of the cross section is not affected by
the different materials. To put these data into the context
of what might be expected we present in Fig. 8 three
curves based on parametrization of Sanford and Wang.?!
This parametrization is the result of an empirical formula
which gives a representation of secondary-particle produc-
tion over all angles up to 30° and secondary momenta up
to 26 GeV/c in proton-beryllium collisions. The curve
marked A is the direct result of this parametrization and

Momentum
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Pt X a a

Cu
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(o]

d20/dQ dp [ mb/sr (Gev/e) |
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1

1
2 4 6 8 10
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FIG. 6. Kaon-production cross sections for different targets
and momenta as labeled by the symbol table in the upper right-
hand corner of the figure.

shows structure which is inconsistent with our data.
When the fit was made in 1967, there were no data near 0°
and low secondary-particle momenta. Since this predic-
tion was thus made from data taken at higher momenta
and larger angles, the inconsistency with our results is not
surprising.

By the method of kinematic reflection?? one can use the
high-momentum region to synthesize the low. This is a
more reliable technique insofar as the parametrization was
made with the high-momentum data. It has some limita-
tions, however, both because of neutrons in the target ma-
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FIG. 7. O° extrapolations of kaon-production cross sections at
730 MeV/c as a function of atomic weight. The straight line is
the result of a fit to the data with parameters as shown.
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FIG. 8. Kaon-production data at 730 MeV/c divided by
A%8¢7. The line through the data points is meant to guide the
eye; curve A is a direct calculation of Ref. 21 divided by 4; curve
B is a kinematically reflected calculation of Ref. 21; curve C is
kinematically reflected data from Ref. 2 as described in the text.

terial, and differences between high- and low-momentum
interactions in the nuclear matter of the target. Curve B
in Fig. 8 is a result of kinematic reflection applied to the
Sanford-Wang parametrization (SWKR).

When the original formulation was constructed in 1967,
the forward production data which applies to our
kinematic region was also limited. Since then a much
larger sample has been collected, and we present results
employing the new data in curve C of Fig. 8. These data
were gathered by Eichten et al.? at 24-GeV/c incident-
proton momentum with secondary momenta of 4 GeV/c
and above, and at angles of 17 mr and above. We have
used their beryllium data, scaled it for projectile momen-
tum from 24 GeV/c to 28.4 GeV/c according to the
prescription of Sanford and Wang, applied kinematic re-
flection, and scaled the result in atomic number by A %3¢
to obtain curve C (EKR). While not achieving consisten-
cy over the entire angular range, this new formulation is

TABLE III. Differential cross sections for p production by
28.4-GeV/ ¢ protons from platinum.

Momentum Angle d’c/dQdP
(GeV/c) (deg) [mb/(st GeV/ )]

0.730 3.60 0.118+0.019

4.41 0.11740.041

6.76 0.13240.033

8.24 0.102+0.011

10.09 0.086+0.017

0.660 3.55 0.104+0.013

7.13 0.112+0.028

8.58 0.060+0.006

10.39 0.050+0.010

0.606 3.56 0.046+0.040

4.28 0.061+0.009

6.85 0.032+0.007

9.37 0.049+0.007

10.75 0.023+0.006
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FIG. 9. Antiproton-production cross sections from platinum
at 730, 660, and 606 MeV/c. The curves labeled SWKR and
EKR are described in the text.

in agreement with the data near 0°, and is a definite im-
provement over the other attempts.

VII. ANTIPROTON CROSS SECTIONS

Tabulated in Table III and shown in Fig. 9 are the an-
tiproton cross sections from platinum at 730, 660, and 606
MeV/c; platinum being the only material used for p pro-
duction. Also shown in the figure are the SWKR and
EKR fits. Again, since the available data in 1967 when
the Sanford-Wang formulation was made were limited,
the lack of agreement between our data and SWKR is not
surprising. The EKR curves do fit our data fairly well.

In computing the fits shown in Fig. 9 we have scaled
the beryllium data of Ref. 2 and the Sanford-Wang pre-
dictions by 4°%77 in contrast to the kaon scaling of 4%%¢7,
The motivation for this is the result of the model predic-
tion described below.

VIII. A MODEL FOR THE 4 DEPENDENCE
OF PRODUCTION CROSS SECTIONS

Particle-production cross sections from complex nuclei
seem to have a dependence on nucleon number 4 of the
form A%*), where x is the Feynman scaling variable.
(For complex nuclear targets x =P|/Pn, evaluated in
the Lorentz frame in which the projectile and target nu-
cleons have equal and opposite momenta.) As noted by
Barton et al.,'” for x>0.1 a curve of functional form
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a(x)=0.74—0.55x +0.26x? fits the bulk of the data for
proton production of various secondary particles with
incident-proton momenta ranging from 24 to 300 GeV/c;
the noted exceptions for  and Z° production. This is, of
course, contrary to the expected exponent of % for a
strongly screened nucleus. This phenomenon has been
speculated upon for forward particle production, but no
models which included the full range of x have been
developed.

In an attempt to understand how the 4 dependence of
our data might be related to those in other kinematic re-
gions, we investigated a rather simple cascade model. A
complete cascade calculation would require a simulation
of all of the processes which occur in nucleon-nucleon and
meson-nucleon interactions as the projectile and secondary
particles pass through the matter of the target nucleus.
Such a simulation would be based on known particle-
particle interaction cross sections, and might be made
with Monte Carlo techniques or by convoluting and per-
muting probability functions of the various processes.
Since our interest was in understanding a(x), which in-
volves the ratio of production from heavy and light nu-
clei, a greatly simplified calculation could be pursued. We
outline this calculation and give its results below, and
present a more detailed description in the Appendix.

Consider a projectile penetrating a distance y into a nu-
cleus and producing the desired secondary particle at y
within a small region dy. The basis of our formulation is
that the projectile, when found traversing such a distance
within nuclear matter, has a probability of losing energy
from strong interactions while not losing its identity.
This is the well-known leading-particle effect as most ex-
plicitly seen in pp and 7p inclusive reactions.”* In addi-
tion, there is the probability of a loss of the projectile once
it has interacted in the distance y, as well as the probabili-
ty that the projectile will not interact at all. If the projec-
tile is not absorbed but interacts, it arrives at y with
momentum P=x, Pj,, where Pj,. is the incident
momentum and x, is the Feynman x, chosen with the
weighting of a fragmentation function f(xp,P),23 (P is
zero for forward production). In the case of no interac-
tions x, is equal to 1. The secondary particle is produced
within dy from an appropriate distribution, in this case
the parametrization of Sanford and Wang, with a momen-
tum Pg. It then proceeds through the remainder of the
nucleus: losing momentum in the same manner as the
projectile and emerging with momentum P, being ab-
sorbed, or not interacting at all. In the latter case the
secondary particle is produced with its final momentum.
We have used the same fragmentation function in the en-
ergy loss of the secondary particle as that of the projectile.

The fragmentation function which we have used from
which to choose the fraction of momentum retained by a
particle after interacting is derived from the invariant
cross section for particle-nucleon scattering:

df N d 30' 2

dx (x,P)= < Eps dp- . (2)
Here E and P refer to the energy and momentum of the
scattered 1par_ticle, and N is a normalization factor to con-
strain f o (df/dx)dx=1. The invariant differential cross

o.8fF

0.6
al(x)

0.4

0.8

0.6
a(x)

0.4

0 1 1 1 1 1 1 1 1
-0.4 -0.2 0.2 0.4 06 0.8 1.0

o
¥ %
ngy/q’mox

FIG. 10. The exponent a(x) as a function of Feynman x for
kaon production (a) and antiproton production (b). Symbols are
as follows. X, Ref. 2; solid squares, Ref. 10. The circle is the
value used to derive the EKR curves of Fig. 9. The solid curves
are the results of the model described in the text, the dashed
curves are the formulation of Ref. 20.

section is that for pp —pX.

In order to describe the probability that the projectile or
secondary particle might be lost from the system, either
by scattering out or by losing its identity upon interacting,
we introduce a free parameter f. In the interaction proba-
bility function this parameter multiplies the total absorp-
tion cross section for the particular particle incident on
protons. It can thus be interpreted as the fraction of the
absorption cross section responsible for the loss of the
particle.

The result of the calculation is the variation of a as a
function of x of the secondary particle, and is depicted for
kaons and antiprotons in Fig. 10. The data shown in the
figure are those of this experiment as well as those of
Refs. 2 and 10. We display curves for two values of f
which yield reasonable fits to the data to demonstrate the
sensitivity of the predictions to this parameter. The
dashed curve is the functional form of Ref. 20. We find it
interesting that the values of f which yield reasonable fits
are physically sensible, i.e., about 15% of the absorption
cross section causes particles to be lost from the system.

That there is only small dependence of a(x) on the en-
ergy is built into the model by making the energy-loss
mechanism dependent on Feynman scaling rather than en-
ergy, as is observed in pp inclusive reactions. Thus, while
the final particle-production spectrum is strongly depen-
dent on the particle-generating function, the ratio of pro-
duction at a given x for different nucleon numbers is less
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FIG. 11. A schematic drawing of a complex nucleus with an
incident projectile impinging from the left at a distance r from
the center of the nucleus and interacting at y within dy.

so. For example, the Sanford-Wang formulation was
originally made for 30 GeV and below, but for kaon pro-
duction at 100 GeV incident-proton momentum we obtain
an a(x) distribution which is essentially the same as that
shown in Fig. 11. The calculated kaon spectrum, howev-
er, drops off significantly faster with increasing x than
that observed experimentally.

We have also investigated tertiary-kaon production via
pion-nucleon interactions where the pions were produced
in primary proton-nucleon collisions. These yields were
negligibly small compared to kaon production from pro-
tons, and have not been included in our determination of
a. This is not a surprising result since kaon-production

cross sections are approximately proportional to P, ~ /2,

where P, is the incident momentum of the particle pro- .

ducing the kaon,?! and pions are produced preferentially
with low Feynman x, i.e., with a small fraction of the in-
cident proton momentum.

In Fig. 10(b) one sees that the antiproton data do indeed
disagree with the fit of Barton et al?’ to previous data,
but are better described by our model. The difference be-
tween the kaon and antiproton curves arises from the
difference between their respective interaction cross sec-
tions.

In scaling kinematically reflected published 7 produc-
tion data from beryllium? to our data from platinum, we
have used the value of ¢=0.77 at x=—0.53 as deter-
mined by our calculation, the circle in Fig. 10(b). The
curves labeled EKR in Fig. 9 are the results of this scaling
and, considering that they are derived from data for for-
ward production from beryllium at incident-proton energy
of 24 GeV, they represent our data fairly well.

Many of the publications which speculate on the nature
of particle production from complex nuclei do so from the
point of view of quark models.>=!° This is not at odds
with our model since the underlying mechanisms which
produce leading-particle effects are indeed a result of
quark interactions. In contrast to those models, however,

we do describe a(x) in the target fragmentation region in
a consistent way, with minimal input from published pro-
duction data. The structure of our model (projectile-
energy loss, secondary-particle production, and subsequent
energy loss) is more that of an additive quark model than
a constituent quark model. In the latter case constituent
quarks from the projectile interact coherently with the nu-
cleus, fragment, and are recombined in a manner indepen-
dent of the fact that the collision took place in nuclear
matter. In the additive quark model the constituents of
the projectile interact incoherently with those of the target
yielding “wounded” quarks and spectators which then be-
come hadrons. A difference between our model and the
quark models, however, is that ours involves the probabil-
ity of multiple interactions within nuclear matter of both
the projectile and the secondary hadron. The quark
models consider only single interactions.

IX. CONCLUSION

We have presented production cross sections for kaons
and antiprotons in a new kinematic region. These results
will be of value if new kaon factories are constructed since
low-momentum kaon beams will be important for these
facilities. In an attempt to understand these cross sections
we have constructed a model of the A4 dependence of the
production which successfully describes data over a wide
kinematic range for both kaon and antiproton production.
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APPENDIX

We present in this Appendix details of the computa-
tional process involved in calculating a(x). We begin by
depicting the path of the projectile through a spherical
nucleus, see Fig. 11. The path passes a perpendicular dis-
tance r from the center of the nucleus and has a total
length Y (r) through the nucleus. The radius of the nu-
cleus is 7oA '/3 and the particular interaction point which
we consider is at y within dy.

We now define the following functions:

R, is the probability that the projectile reaches y
without interacting,

—PY¥op
R1:e )

(A1)
p is the nuclear matter density and op is the total interac-
tion cross section per nucleon of the projectile. The
momentum of the projectile producing the secondary par-
ticle is P, = Pjp..

R, is the probability that the projectile reaches y after
interacting and retains its identity,
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TABLE IV. Model parameters.

Parameter Symbol Value
Nuclear density , P 0.15 nucleons/fm?
Proton interaction cross section o, 31 mb
Kaon interaction cross section o 20 mb
Antiproton interaction cross section Ok (40 + 33/\/1;) mb
P=antiproton momentum in GeV/c
Nucleon radius o 1.26 fm
Fragmentation function: .
X Ax df /dx

0.25 0.35 0.75

0.45 0.20 1.15

0.65 0.20 1.09

0.82 0.15 1.04

0.95 0.10 1.46

Ry=(1—e ”P)(1—e¢ ~Ierory (A2) by the above fragmentation function, df(xg)/dxk.

The momentum of the projectile is P, =x, Pjyc.
R;(xp) is the probability of the occurrence of x, given
by the fragmentation function df(x,)/dx,. The normali-

zation of this function is

1
[df(x,)/dx,]Ax,=1. (A3)
p)/aXp |AXp

xp=0

R, is the particle-production distribution dN (P,,Pg)/
dPydQ, in our case the Sanford-Wang distribution. P is
the momentum of the secondary particle at production
and is related to the final secondary-particle momentum
PK by PK:.XZKPII(.

Rs(xg) is the probability of the occurrence of xx given

|

R¢ is the probability that the secondary particle
traverses the distance [ Y (r) —y] without interacting,

—e —plY(r)—ylog

R¢= , (A4)

ok is the total interaction cross section per nucleon of the
secondary particle; for this case Px = Pg.

R, is the probability that the secondary particle in-
teracts but retains its identity after traversing the distance
[ Y( r ) s ])

Ry=(1—¢ PV Ir) IRV oKy (AS)
The contribution to the production of secondary parti-

cles of momentum Py from this interaction region is then
given schematically by

AN (Pie,Pi,y) =R, [R4R6+ [ExKR4R5(xK)]R7}+R22xPR3(xp) [R4R6+ IEXKR4R5(xK>]R7} : (A6)

Summation is then made over all values of y from zero to
Y (r). This is then weighted by r and summation is made
over r from zero to roA!/3. The probability of loss, of ei-
ther the projectile or the secondary particle is introduced
via the free parameter f. Such a loss occurs if the particle

[

changes its identity or scatters out of the system via a
strong interaction. The parameter a(x) is determined by
taking the ratio of production from a heavy nucleus such
as Pt to that from a light nucleus such as Al. The various
parameters used in the model are given in Table IV.

*Present address: Physics Department, University of Oklaho-
ma, Norman, OK 73019.
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