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Inclusive production of EC+ mesons in 2.1-GeV/nucleon nuclear collisions
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K+ meson production by 2.1-GeV/nucleon Ne, d, and p projectiles on NaF and Pb targets has

been measured. The cross sections depend exponentially upon the kaon energy in the nucleon-

nucleon c.m. frame, with an inverse slope To larger than the values obtained from comparable pro-
ton and ~ spectra. The angular distribution in this frame is approximately isotropic. The 3
dependence of the kaon yield has been determined. Data are compared with theoretical predictions.

I. INTRODUCTION

In this paper we report the results of an experiment to
measure the inclusive spectra of K+ mesons produced in
collisions of 2.1-GeV/nucleon nuclei with various nuclear
targets. The main emphasis will be on proton„deuteron,
and neon projectiles interacting with NaF and Pb targets.
The kaons were detected at several laboratory angles be-
tween 15' and 80'. They were identified by comparing the
momentum measured in a magnetic spectrometer with a
time-of-Aight measurement, and by observing the kaon
decays in an array of Pb-glass blocks. The momentum
range of the detected kaons extended from 350 to 750
MeV/c. In the events with the Ne projectile, the associ-
ated multiplicity was measured by a set of scintillation
counter telescopes, which were situated around the tar-
get. Selected features of these data have been presented
previously. ' Here we give a detailed description of the
experimental apparatus, present all of the cross sections
that were measured, and compare our results with vari-
ous models.

The main interest in relativistic nuclear collisions
arises from the fact that these collisions may provide a
means of studying nuclear matter under conditions of
high density or high temperature. Since the E+ meson
has a relatively long mean free path, ' ~ 5 fm for p~ & 1

GeV/c, it may be a very important probe for studying
these conditions. Protons and pions with relatively short
mean free paths undergo several collisions and, in the
case of pions, may be absorbed and reemitted before they
escape from the nuclear material. On the other hand,
kaons will have a greater tendency to travel directly from
their point of production to the detector and may, there-
fore, be more reliable harbingers of the early, perhaps
highly compressed and hot, stage of the reaction. One of
the primary objectives of this experiment was to deter-
mine whether the above supposition is indeed correct. A
mechanism, for example, which may obscure the infor-
mation which the kaons carry is their scattering ofF of the
pions produced in the reaction. Because of the K' reso-
nance these cross sections are quite high.

Another goal of the experiment was to gain insight into
the production mechanism of the kaons. In addition to

direct kaon production via nucleon-nucleon collisions,
X+N~N+ X+K+, it is also possible to produce kaons
in a two-step process: %+%~~+X followed by
~+%~K++ K Although the cross section for the
latter is rather high, only pions with momentum greater
than about 800 MeV/c are above threshold. This is only
a small part of the total pion yield. These two factors,
large cross section, and small number of pions which par-
ticipate, tend to cancel one another with the result that
the production of kaons by this mechanism should be
comparable to within an order of magnitude to that of
the direct XX mechanism. In order to address these
questions, we present the data for the various beams and
targets and make comparisons with selected theoretical
models.

Since the completion of this experiment, further K+
production results have been reported. ' ' ' The exper-
imental and theoretical situations are well summarized in
review articles by Schurmann and Zwermann' and
Toneev and Gudima, which also contain more extensive
references to the theoretical calculations.

The plan of this paper is as follows. In Sec. II we give
a detailed description of the experimental setup. In Sec.
III the data are presented. We show the diAerential cross
sections as a function of momentum in both the laborato-
ry and nucleon-nucleon center-of-mass frames. We
present estimates of the total cross sections and we show
the dependence upon the projectile and target masses. In
Sec. IV we compare the p-nucleus and Ne-nucleus data
with various models. Finally, in Sec. V we summarize
the results.

II. EXPERIMENTAL SETUP

The experiment was performed at the Bevalac accelera-
tor of the Lawrence Berkeley Laboratory. Three types of
beam particles were used: protons, deuterons, and neon
at 2.1 GeV/nucleon. The targets used were C, 1.13
g/cm; Nap, 1.20 g/cm; Kcl, 1.10 g/cm; Cu, 0.92
g/cm; and Pb, 1.58 g/cm . The thicknesses of the tar-
gets were chosen to be approximately 1 g/cm in order to
provide a su%cient interaction rate while keeping the
problem of multiple scattering within the target small.
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FIG. 1. Sketch of the spectrometer.

An ion chamber 1.5 m upstream from the target was used
to monitor the beam intensity. This gave an absolute er-
ror in the measured cross sections of 30%%uo.

The spectrometer ' is sketched in Fig. 1 and a verti-
cal plan view is shown in Fig. 2. The geometrical param-
eters of the various elements of the spectrometer are sum-
marized in Table I. These elements consisted of the fol-
lowing: scintillation counters, bending magnet, wire
chambers, Lucite Cerenkov counter, and an array of Pb-
glass blocks.

The scintillation counters consisted of the counter 61,
the five counters 62(A, B,C,D,E), and the three
counters 63( U, C,D ). All together they served five func-
tions. First, counter 61 defined the solid-angle accep-
tance of the spectrometer for particles emitted from the
center of the target. Second, the logic:

Gl (62A+62B+62C+62D
+62E ).(63U+ 63C+63D )

defined the minimum bias trigger, i.e., a charged particle

traversing the spectrometer. Third, the time of Aight
(TOF) between counters Gl and 63 determined the ve-
locity of the particle traversing the spectrometer. The
path length was 210 cm and the full width at half max-
imum (FWHM) resolution was 500 ps. Fourth, the pulse
heights in counters 61 and 63 allowed charge =+1 par-
ticles to be selected and helped to determine whether
there were multiple hits in these counters. Finally the
five elements of 62, together with the wire chamber P5
determined a logic condition matrix which will be dis-
cussed later.

The magnet was a standard Bevatron C magnet with a
gap spacing of 6 in. and pole tip dimensions of 13 in. X24
in. The radius of curvature and thus the particle rigidity,
p/Z, was determined by measuring the angle into and
out of the magnet. The magnetic field was mapped and
was found to be sufficiently uniform so that it could be
approximated by a constant field, 6.5 kG, over a volume
of 70.4 cm X 33.0 cm X 15.2 cm.

The wire chambers P1, P2, P3, P4, and P5 provided
tracking of the particles through the spectrometer, and

TABLE I. Spectrometer elements and wire chamber parameters. For a definition of x, y, and z axes,
see Fig. 2.

Element
Position

x (cm) - z (cm) x (cm)
Dimension

y (cm) z (cm)

C magnet
G1
G2 (5 vertical)
G3 (3 horizontal)
Lucite Cerenkov
Pb glass

26.67
8 ~ 57

17.5
14.0
14.0
14.0

165.4
38.35
73.81

249.0
254. 1

322.5

33.0
5.08

12.7
55.9
61.0
60.0

15.2
3.81
7.62

26.7
30.5
45.0

61.0
0.64
0.32
0.95
5.08

45.0

Wire chamber
Position

x (cm) z (cm)
No. of wires

x y Wire spacing (mm)

P1
P2
P3U
P3XI'
P4
P5

8.64
14.81
19.6
19.6
16.74
16.96

41.22
69.16

167.4
187.3
213.4
228.6

64
64

192
192
256
256

64
64

192
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TABLE II. Momentum resolution.

Ap/p resolution due to bp/p resolution due to
multiple scattering wire spacing

P (MeV/c) (%) (%%uo)

300
400
500
600
700
800

7.8
6.0
5.0
4.3
3.9
3.6

2.S
3.8
4.8
6.0
7.1

8.3

determined the angles into and out of the magnetic field.
Both horizontal and vertical views were provided by
P1, P2, and P3, while P4 and P5 provided only a hor-
izontal view. In addition, P3 contained a U plane at 45
for resolving ambiguities.

There were two contributions to the momentum reso-
lution. First, the spatial resolution of the chambers led to
some uncertainty in the angles. Second, multiple scatter-
ing of the particles, particularly while traversing 62,
caused the outgoing angle to dift'er from its value at pro-
duction. Table II shows the momentum resolution as a
function of the momentum as determined by a Monte
Carlo simulation taking into account these e6'ects. The
resolution, h(p /p ), is typically +10% (FWHM).

A typical plot of time of flight versus bending angle is
shown in Fig. 3, where the trigger is 61 62-63, a
charged particle traversing the spectrometer. It can be
seen that for momenta up to 1 GeV/c the separation be-
tween protons and pions is very clean. However, in the
region where the kaons should be there are no easily dis-
cernible events. This is because the yield of kaons is
about 1000 times smaller than that of protons and pions.
Thus, in order to acquire satisfactory statistics on kaons
we employed a trigger which imposed more stringent cri-
teria. The hardware part of this trigger included a Lucite
Cerenkov counter and an array of lead glass blocks.

The Lucite Cerenkov counter was placed downstream
of the last wire chamber, P5. The light from this counter
reached the phototube by total internal reAection at the

FICx. 3. Scatter plot of TOF vs bending angle for events satis-
fying the inclusive trigger. Also shown is dashed line indicating
the location of the MBD cut.

surface of the counter. Because only light which was
internally reAected was detected, particles for which the
Cerenkov angle was less than 42' did not produce a sig-
nal. The eff'ective threshold P of the counter was 0.84,
corresponding to a kaon momentum of 766 MeV/c. This
allowed us to reject approximately 99% of the pions
above 200 MeV/c and accept 80%%uo of the kaons in the
momentum range 350—750 MeV/c.

The lead glass array was used to bring the kaons to a
stop and to detect their decay products. The array was
162-g/cm thick, which was sufficient for stopping kaons
with momentum up to 750 MeV/c. The X+ mesons have
a proper lifetime of 12.4 ns and decay 65.5% of the time
to pv with p„=236 MeV/c and 30.8% of the time to
states containing n 's. Both of these types of decay creat-
ed detectable pulses in the lead glass; the p, 's produced
Cerenkov light directly, while the m's decayed to two y's
which in turn produced electromagnetic showers.

Although the Lucite and lead glass filtered out many of
the unwanted particles, high-momentum protons with
P) 0.84 produced Cerenkov light in both the Lucite and
lead glass and were accepted. In order to remove these
protons two additional trigger elements were used.

Counter 62 and chamber P5 were divided in the hor-
izontal direction into 5 and 16 sections, respectively.
These divisions allowed rough determination of the en-
trance and exit angles. We set up a matrix logic,
MATH. IX, to accept only those 62 and P5 combinations,
which could be produced by particles with momentum
less than 750 MeV/c. This eliminated some of the high-
momentum protons, but an unacceptable number were
still accepted. The reason for this was twofold. First, be-
cause each 62 segment accepted a large range of en-
trance angles, the position at P5 for particles of a particu-
lar momentum was very dispersed. Therefore, many par-
ticles with momentum greater than 750 MeV/e also
satisfied the combination. Second, if there were two par-
ticles in the spectrometer, we wished to accept the event
if either one was in the acceptable momentum range.
There were then a total of four possible 62-P5 combina-
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tions which had to be accepted.
To reject the remaining protons an on-line software cut

based on an MBD (microprogrammable branch driver)
was employed. The MBD was able to read the TOF and
the P3X and P5 wire chamber information before the
event was recorded. It could then roughly determine the
momentum and, for a given momentum, it would reject
those events in which the TOF differed from that of a
kaon. The MBD made this decision in about 1 ps.

Applying all of these hardware and software criteria
the scatter plot shown in Fig. 3 is changed to that shown
in Fig. 4 where the kaons are very clearly seen. During
each run data were accumulated with the following four
triggers: (1) Inclusive trigger: 61 G2 G3=G. (2) Pion
trigger: G.Lucite. (3) Kaon trigger with MBD cut:

1.5—

Spectrometer acceptance

0.5
P(GeV/c)

1 .0

6 (Pb glass) (Lucite veto) MATIUx. (MBD cut) .

(4) Kaon trigger without MBD cut:

G (Pb glass) (Lucite veto) MATRIx .

The following two triggers varied from run to run so that
the efticiency of the various trigger elements could be
determined: (5) Kaon trigger with MBD cut missing one
of the following: Lucite veto, Pb glass, MATRIx. (6)
Same as (5) but without the MBD cut. All of the above
triggers except (4) were prescaled so that the number of
events of each type were comparable.

The off-line data analysis took place in four stages: (1)
determination of the efficiency corrections, (2) track
reconstruction, (3) kaon decay corrections, and (4) deter-
mination of the invariant cross sections.

In the first stage, the various acceptances and
eKciencies were determined. The geometrical acceptance
of the spectrometer was set by the size and position of the
scintillation counters, wire chambers, and magnet. This
acceptance was calculated by a Monte Carlo program
which determined whether particles, which were emitted
from the target at various angles and momenta, passed
through all of the elements. ' The results are shown in

Fig. 5 for particles emitted from the center of the target.

Full Kaon Trigger

~ ~4
, :.-:.' Kaons

. ' ~ '+~M I ~
'

~ ~

~ ~
~ IOQ ~ ~ ~ ~ ~ ~~g

~ ~ ~

Pions

Bending angle cx 1/p

FIG. 4. Scatter plot of TOF vs bending angle for the full

kaon trigger.

FIG. 5. Acceptance of the spectrometer as a function of
momentum.

In addition, there was a dependence upon the source dis-
tribution within the target. Therefore, on a run-by-run
basis the observed target distribution was determined by
extrapolating back to the target using P1 and P2. The
actual target distribution was then determined by divid-
ing by the geometrical acceptance as a function of the
target position. This distribution was then input to the
Monte Carlo program and the final acceptance was calcu-
lated.

Although the wire chambers were not a part of the
trigger, they were needed for the off'-line tracking. There-
fore, if any did not have a hit, the event was rejected.
The ef5ciency of each of the nine planes was determined
by requiring that all the other eight planes have hits, and
then checking the percentage of events in which the plane
in question also recorded a hit. Hits in the other eight
planes guaranteed that the particle passed through the
plane being tested. The eKciency of each plane was be-
tween 97.and 100%, and the combined efficiency for the
nine planes was 80—85%%uo. Because the overall efficiency
varied somewhat from run to run, depending primarily
upon the instantaneous rate, this procedure was carried
out for each run.

As mentioned above, some runs, in addition to the full
trigger, also had a trigger in which a particular element
of the full trigger was absent. By checking whether
kaons which satisfied the latter trigger also satisfied the
full trigger, we could determine the eKciency of the vari-
ous elements. This was done for the Lucite veto, Pb
glass, MATRIX, and MBD cut. The efficiencies of the Lu-
cite veto and Pb glass are shown in Figs. 6 and 7. The
efficiencies of the MATRIX and MBD cut were 100%.

In order to select real particle tracks, we required that
the following four criteria be fulfilled: (1) Using the infor-
mation in P1 and P2, the track should extrapolate to the
center of the target. (2) The horizontal trajectories deter-
mined by P3X and P5 and by P1X and P2X should cross
at the center line of the magnet. (3) The vertical trajec-
tories determined by P3Y and P2Y and by P2Y and P1Y
should have the same slope. (4) The 45' P3U coordinate
should be consistent with the P3X and P3Y coordinates.
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% K's Not Rejected by Lucite Veto TABLE III. Corrections for kaon decay in flight.

Correction factor'
Momentum

100—

(80—

60—

40—

350
400
450
500
550
600
650
700
750

0.38
0.43
0.47
0.51
0.54
0.57
0.60
0.62
0.64

20—

' 03
I I

0.5

PK (GeV/c)

I

0.7

'Correction factor defined by f:X~„/N„„—, =e ~ai'", where I.
is the distance the kaon must travel in order to be detected, Pc is
the kaon velocity, and yt is the Lorentz dilated lifetime.

FIG. 6. Percentage of kaons accepted by the Lucite counter
veto as a function of kaon momentum.

III. RKSUI,TS

A. Kaon spectra

Using these criteria, we were able to reject enough spuri-
ous tracks so that clean particle separation could be made
and so that the background was sufticiently small.

Since kaons have a proper lifetime of 12.4 ns, the nurn-
ber that decay before reaching G3 which is 249 crn from
the target represents an important correction. Table III
shows this correction as a function of the kaon momen-
tum. One possible complication is that the p from the K
decay may make it through the system and mimic the
kaon. This problem was studied using Monte Carlo tech-
niques and was found to be less than a 1 —2% correction.

Table IV summarizes the corrections made to the data
and the associated errors. These are separated into those
which have little or no momentum dependence and those
which do depend upon the momentum. The overall abso-
lute error is =30%. The relative errors for the cross sec-
tions at difFerent values of momentum are less than 10%.

In this section, we present the spectra of the invariant
di6'erential cross sections for K+ production on NaF and
Pb targets for all laboratory angles, which were measured
and for all three-beam particles: protons, deuterons, and
Ne. Figures 8—13 show these spectra as functions of the
laboratory kaon momentum. The values of the cross sec-
tions are given in Table V.

In the laboratory frame, the spectra for all of the
target-projectile combinations are qualitatively very simi-
lar. For each projectile-target combination, the cross sec-
tion decreases with increasing laboratory angle, and the
slopes of the spectra become steeper with increasing labo-
ratory angle. For a given projectile, both of these angular
dependences are less for the Pb target than for the NaF
one.

The kinematical region that these measurements cover
is shown in Fig. 14, where the measured points are plot-

1.0—

Pb-Glass Efficiency

TABLE IV. Efficiency corrections and errors. Correction
value is defined as the percent of the events lost due to the
specified item.

O
Q)
u 0,6—

0.4—

0.3 0,5

PK (GeV/c)

0.?

Type of correction

Absolute beam intensity
Dead time
MWPC efficiency
Track reconstruction
dE/dx scatter plot cut
Decay in Qight
Spectrometer acceptance
Pb-glass efficiency
AntiLucite efficiency

Correction to
cross section

(%)

0
30
20
2S
10
30
0

15
30

Error' in
cross section

(%)

5
1

10
10
3
1

5
15
1S

FIG. 7. Pb-glass efficiency as a function of the kaon momen-
tum.

Total 30

'Error in percent of cross section, not in percent of correction.
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FIG. 8. Invariant cross section for p+NaF~K+X vs K+
momentum for lab angles of 15, 35, 60', and 80 .

FIG. 10. Invariant cross section for d +NaF~E+X vs E+
momentum for lab angles of 15', 35', and 60'.

ted on a rapidity-PT plot. It is important to note that the
kinematical region covered by this experiment is very
limited. This must lead to caution when trying to draw
conclusions about the general nature of the K yield
such as, the values of the total cross sections and the de-
gree of angular isotropy. In addition, the data at
different values of PT are, in general, also at different
values of the rapidity, with larger values of PT weighted
more toward the target rapidity. Also shown in this
figure are the kinematical limits on kaon production for
free-nucleon-nucleon collisions, and for collisions of two
nucleons each with 270 MeV/c of Fermi momentum. All
of the 55' and 80' data are beyond the free-nucleon-
nucleon limit, and the last point at 80' is beyond the 270
MeV/c Fermi momentum limit. Clearly, some nuclear
effects are required in order to explain the data.

In Fig. 15, we plot the cross sections for three sets of
data: Ne+Pb, Ne+NaF, and p+Na vs T', the kaon ki-
netic energy in the XX c.m. system. For each of the
three target-projectile combinations, the data tend to lie
on exponential curves.

B. Total cross sections

In this section, we use the plot in Fig. 15 to estimate
the values of the total cross section for K+ production.
Since the data cover a very limited kinematical region, it
is very diScult to obtain a precise value for the total
cross section. However, we can obtain a reasonable esti-
mate by using the approximate isotropic and exponential
behavior of the data in the nucleon-nucleon center of
mass. We integrate over the center-of-mass energy by ex-
trapolating the exponential dependence and we integrate
over angles by assuming isotropy. By this method, we

I I T 7

D
100 = p + Pb ~ K+ + X

D)
QO

100 = d+Pb ~ K++X

io=
I,
)t $15' g 15o

035. -=

CU
CL

CU

1.0:
05o

" 80.

1.0 = 0 6o'

300 400 500 600 700
Momentum {MeV/c)

800

FIG. 9. Invariant cross section for p+Pb~E+X vs E+
momentum for lab angles of 15, 35', 60, and 80 .

0, ,

300 400 500 600 700 800
Momentum (MeV/c)

FIG. 11. Invariant cross section for d+Pb~l( +X vs E+
momentum for lab angles of 15, 35, and 60'.
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TABLE V. Invariant cross sections.

Momentum (MeV/c) OL =15

Ed ~0. GeV mb

p dp dQ sr(GeV/c)
OL =35 L =60

350
400
450
500
550
600
650
700
750

350
400
450
500
550
600
650
700
750

3.2+0.8
2.3+0.5
2.7+0.5
2.7+0.4
2.8+0.4
2.8+0.4
2.3+0.3
2.9+0.4
2.3+0.3

9+5
12+4
15+4
9+2
9+2
9+2

10+2
11+2
7+2

p +NaF
1.9+0.5
1.8+0.4
1.8+0.3
1.4+0.2
1.2+0.2
1.4+0.2
1.2+0.2
1.2+0.2
1.0+0.2

p +Pb
8.5+3.0

11.7+2.8
9.6+2.1

9.0+1.7
7.8+1.5
7.4+1.3
7.1+1.2
6.9+1.2
4.3+0.8

0.70+0.22
0.43+0.13
0.60+0.13
0.50+0.10
0.27+0.07
0.21+0.05
0.20+0.OS

0.12+0.03
0.10+0.03

9.0+2.2
4.8+ 1.2
5.0+1.0
2.9+0.7
1.6+0.4
1.6+0.4
1.1+0.3
1.1+0.3
0.6+0.2

0.31+0.08
0.14+0.04
0.14+0.03
0.14+0.03
0.09+0.02
0.04+0.01
0.03+0.01
0.02+0.01
0.03+0.01

2.5+0.6
2.5+0.5
1.3+0.3

0.87+0.2
0.82+0.2
0.45+0.1

0.22+0.1

0.27+0.1

0.07+0.03

Momentum (MeV/c) OL =15'

Ed~o. GeV mb

p dp dQ sr(GeV/c)
OL, =25' 8L =35' e, =60'

350
400
450
500
550
600
650
700
750

2.7+0.6
2.6+0.5
3.1+0.5
3.6+0.5
3.2+0.4
2.9+0.4
3.3+0.4
2.8+0.3
3.7+0.4

d +NaF
2.5+0.5
3.3+0.5
3.3+0.4
3.1+0.4
2.9+0.4
2.7+0.3
2.8+0.3
2.5+0.3
2.1+0.2

2.0+0.4
2.2+0.3
2.4+0.3
2.0+0.3
1.6+0.2
1.7+0.2
1.5+0.2
1.2+0.2
1.1+0.1

1.08+0.30
1.26+0.26
0.89+0.18
0.78+0.14
0.44+0.09
0.31+0.07
0.29+0.06
0.23+0.05
0.18+0.04

Momentum (MeV/c) OL =15'

Ed 20 GeV mb

p dp dQ sr(GeV/c)'
0, =25 0, =35 OL, =80'

350
400
450
500
550
600
650
700
750

11+3
17+3
15+2
13+2
13+2
13+2
12+2
13+2
11+1

d +Pb
18+3
16+3
13+2
14+2
11+1
13+2
9+1
9+1
9+1

15.7+2.5
14.9+2.0
14.0+1.8
9.4+1.2
9.0+1.1
9.0+1.1
7.5+0.9
5.8+0.7
5.0+0.6

8.6+2.2
8.9+1.8
7.3+1.3
4.7+0.9
4.0+0.8
3.5+0.6
2.2+0.5
2.8+0.5
1.3+0.3

Momentum {MeV/c) OL =15 81 =25'

Ed 0 GeVmb

p dp dQ sr(GeV/c)
OL =35 Og =45 ec =55'

350
400

26+5
24+4

Ne+NaF
26+4 22+3
30+4 21+3

19.9+3.9
15.0+2.7

11.6+1.9
8.7+1.3

3.28+0.60
3.20+0.49
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TABLE V. (Continued ).

Momentum (MeV/c) OL =25'

Ed ~g GeV mb

p dp dA sr(GeV/c)
OL =35 I =45 OL =55' 80

450
500
550
600
650
700
750

350
400
450
500
550
600
650
700
750

23+4
29+3
24+4
31+3
25+3
25+3
30+4

253+57
186+38
193+34
202+32
168+26
201+28
169*24
162+23
197+26

24+3
29+3
24+3
23+3
21+2
21+2
20+2

153+29
210+30
210+28
171+22
156+20
159+19
135+16
137+16
133+16

Ne+NaF
21+2
21+2
18+2
18+2
14+2
13+1
13+1

Ne+Pb
251+38
166+24
153+20
126+16
135+17
129+16
112+14
107+13
83+10

12.2+2.0
13.8+2.0
10.5+1.6
8.6+1.3
8.4+1.2
6.7+1.0
6.6+1.0

146+24
116+17
117+16
90+12
86+11
74+9
63+8
68+8
78+9

7.3+1.1
7.1+1.0
4.8+0.7
4.9+0.7
3.4+0.5
3.4+0.5
2.7+0.4

128+22
102+16
90+13
76+11
64+9
64+9
43+6
43+6

44+6

1.90+0.30
1.50+0.23
1.03+0.17
0.97+0.15
0.71+0.12
0.55+0.10
0.37+0.07

58+9
40+6
32+5
24+3
17+3
16+2
11+2
15+2
7+1

obtain the values for the cross sections given in Table
VI. Obviously these values are very approximate. First
the extrapolation process itself contributes a large frac-
tion to the quoted error. This is the error given with the
above values in Table VI. In addition, if there is even a
slight amount of anisotropy, for example, some forward-
backward peaking, then the error will become much
larger. The approximation of isotropy is, of course, not
as good for the cases of unequal target-projectile masses.
Therefore, the value for Ne+NaF is probably the most
reliable.

C. A dependence

In order to determine the dependence of the kaon yield
on the mass of the target, we integrate each of the mea-
sured spectra over the momentum range of 350—750
MeV/c for each angle. We, thereby, obtain do /dQ for
laboratory angles of 15, 25', 35', 45, 55, and 80. At
25' and 55 a total of five targets were used; C, NaF, KC1,
Cu, and Pb, while at the other angles only data for NaF
and Pb are available. Figure 16 shows the results for Ne
projectiles on the various targets. From this figure we see
that the dependence on the target mass number, AT in-
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100= Ne + NaF ~ K+ + X
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$ 80'
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FIG. 12. Invariant cross section for Ne+NaF~X+X vs E
momentum for lab angles of 15, 35', 55, and 80 .

FIG. 13. Invariant cross section for Ne+Pb —+E+X vs K+
momentum for lab angles of 15, 35, 55', and 80.
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TABLE VI. Values of the total cross section for K+ produc-
tion.

Reaction

0/ Fermi motion
cf antiparallel

00 0
/ 0 0

/ 0 0
0

/ 0 0
/ 0

/'

0 Fermi motion
/ 000 parallel

15
1

Target Projectile

creases with increasing laboratory angle. In an AT pa-
rametrization, a varies from smaller than 1 for angles less
than 45 to greater than 1 for angles larger than 55 . In
Fig. 15 the cross sections, (d o/p dp dQ), are plotted
versus kaon center-of-mass energy T'. The Ne+Pb
points are typically about an order of magnitude higher

y (rapiclity)

FIG. 14. Plot of transverse momentum PT/m& of the emitted
particle as a function of rapidity y = —21n[(E+P~~)l(E —Pl )]
showing the kinematical region covered by this experiment (cir-
cles). Dashed curves indicate the kinematical limit with a max-
imum Fermi momentum of 270 MeV/c parallel and antiparallel
to the motion of the nucleon.

p+NaF
p+Pb

d+ NaF
d+Pb

Ne+NaF
Ne+Pb

1.8+0.6
11+4

2.4+0.8
14+5
23+8

150+90

than those for Ne+NaF. The inverse slope factor, To,
de6ned by

0 ~ exp( —T*/To),
p dydee

is 160 MeV for Ne+Pb coHisions, and 122 MeV for
Ne+NaF. Corresponding results for pion production in
Ne+" 3" collisions show a similar trend, but with an
even steeper fall off with T* (95 MeV vs 85 MeV),
presumably due to the higher probability for rescattering.

With respect to projectile mass dependence, we note
that at small angles the ratio of cross sections with a
deuteron to those with a proton projectile is only
1.3+0.2. This is consistent with the fact that production
of positive kaons by neutrons is less likely than that by
protons. An evaluation of the ratio o.(d+NaF)~K+X
to o(p+NaF) —+K+X using one-pion-exchange model
and the procedure of Ref. 5 to estimate the values of the
basic XN cross sections for K+ production gives a
value
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cr(p+ NaF~IC'+X)
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FIG. 15. Cross section do /p dp d 0 vs kinetic energy of I( +

in the nucleon-nucleon c.m. frame for Ne+ Pb ~%+X,
Ne+NaF~X+X, and p+NaF~E+X. The data of Ref. 38
are indicated by a full curve. The lines passing through the
points are drawn to guide the eye.

750 Mev/cFIG. 16. o.;„„= do. /{dp dfL)dp as a function of A

for Ne+ A ~%+X at angles of 15', 25, 35, 45', 55, and 80.
The full lines are drawn to guide the eye.
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IV. DISCUSSION OF THE NUCLEON-NUCLEUS
AND NUCLEUS-NUCLEUS DATA

In this section we will discuss the main features of the
data and compare our measurements with various
theoretical models. Our most important conclusion
is that no unconventional or exotic mechanisms need to
be invoked to explain our observations. Both intranu-
clear cascade type calculations and thermodynamic mod-
els have been refined enough in recent years to describe
our results. In fact we will show that the essential
features of the data can even be reproduced with two
very naive models —one based on individual nucleon-
nucleon collisions including Fermi motion, the other in-
volving collisions between small clusters of nucleons.

An important difference between K+ production in p-
nucleus (or nucleus-nucleus) collisions and in free-p-p col-
lisions is kinematic; i.e., at any given bombarding energy
per nucleon there is more phase space available to the
kaon when nuclei are involved. This can be seen in Fig.
15 where we have plotted the cross section for p-p col-
lisions at 2.54 GeV. It falls off sharply with kaon ener-

gy, going to zero at the maximum energy which is
kinematically allowed. In contrast the kaon spectrum in
p-nucleus collisions falls off much more slowly with ener-
gy, and extends well above the free-nucleon-nucleon lim-
it. When plotted as a function of energy in the nucleon-
nucleon center of mass these cross sections show an ex-
ponential dependence out to the largest kaon energies
measured.

A related feature is the fact that the kaon spectra pro-
duced in p-nucleus and nucleus-nucleus collisions have
similar shapes. In all of these cases the cross sections fall
exponentially with kaon energy, although the falloff with
energy is slightly less steep for nuclear projectiles. This
behavior is also expected simply on the basis of the kine-
matics.

The exponential dependence of the cross sections in the
nucleon-nucleon c.m. frame indicates that there is some
degree of isotropy in this frame. However, it should be
kept in mind that our measurements extend only over a
very limited kinematic domain, so that one should not
draw too strong a conclusion from this. In p-nucleus col-
lisions the target nucleus is the only source of the extra
energy needed to produce kaons with energies greater
than the maximum energy allowed in free-nucleon-
nucleon kinematics. Thus the source of these kaons must
be biased toward the target rapidity. On the other hand
the isotropy of the low-energy kaons is expected if reac-
tions of the type NX~FNK play an important role.
Here X is either a proton or a neutron and 7 is either a A
or X hyperon.

We turn now to a discussion of the various models
which have been used to describe our results. As in other
high-energy nucleus-nucleus reactions these fall into two
general classes —microscopic and macroscopic. The in-
tranuclear cascade is the typical example of the first class,
whereas the thermodynamic model exemplifies the
second. Both have been used with varying success in
describing particle production, and application to the
present experiment provides yet another testing ground.

It is not surprising that as more and more of the basic
physics is incorporated into these models, and as the ex-
perimental conditions more and more closely approxi-
mate the underlying assumptions of these approaches, the
agreement with the data improves. Thus we do not see
the various models in competition in the sense that one of
them should ultimately prevail, but rather as attempts to
find relatively simple approximations to rather complicat-
ed multiparticle interactions. In fact the approximations
inherent in these calculations often apply better to certain
kinematical regions of a given reaction than to others, so
that in the absence of a complete theory a combination of
models may sometimes be needed to get the desired
agreement with all of the observations.

A. Microscopic models

In the microscopic models to be considered here the
dominant K+ production mechanism is assumed to be
2VX —+ YÃK+. Whenever possible, existing data are used
as input, but unfortunately these are not available in
many cases so that interpolations, extrapolations, and
sometimes even more questionable assumptions have to
be made, all of which limit the reliability of the results.
For example, in the two simple calculations which we
have performed, and which we will describe shortly, we
use data obtained in p-p collisions at 2.54 GeV (Ref. 38)
to estimate the basic cross sections at the energy of our
experiment, 2. 1 GeV. To do this we note that the data at
2.54 GeV are best fit by assuming 60% X and 40% A
production, and that the kaon spectra are well described
by assuming that all of the available phase space is uni-
formly occupied. Because 2.1 GeV is closer to threshold
we assume a 50-50%%uo mix of lambdas and sigmas, and
that the dependence of the kaon production cross section
on center-of-mass energy is determined by the total avail-
able phase space. The phase space available is approxi-
mately proportional to the maximum momentum of the
lightest particle in the final state, so that in our case we
assume the cross sections are proportional to the max-
imum momentum that the kaon can have. We found it
interesting to note that qualitative agreement with the
data can already be obtained with two highly
oversimplified models.

In the Arst we assumed a single step mechanism in
which there is only a single nucleon-nucleon interaction
between the projectile proton (or nucleon when nuclear
projectiles are involved) and a nucleon within the target
nucleus. The nucleons in the nuclei are assumed to have
an exponential Fermi momentum distribution with a
slope of 90 MeV. The results are shown in Figs. 17 and
18. One overall normalization was chosen to best fit the
data. It is known from inclusive proton spectra in p-
nucleus backward scattering that the same exponential
distribution also gives a good At to the data. ' This
distribution can be considered as an effective single-
particle momentum distribution, which includes short-
range correlations and final-state interactions. The con-
clusion here is that the kaon spectra are already ex-
plained quite well by a single step mechanism with an
effective momentum distribution which is the same as the
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p+NaF ~K++X
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FIG. 17. Kaon production cross sections for p +NaF. The
full curve shows the fits using a single nucleon-nucleon interac-
tion with an exponential Fermi momentum distribution charac-—P/Po
terized by f(P)=e with PO=90 MeV/e. The dashed
curve shows the fits using the multinucleon cluster model,
where the number of nucleons per cluster is given by Poisson
statistics with ( n ) = 1.

one used to explain backward proton emission from
p+ 2 collisions.

We were also able to fit the data quite well with a very
simple cluster model. Here we assumed collisions be-
tween two clusters containing n„nucleons in the projec-

tile cluster and nT nucleons in the target cluster. The
number of nucleons in each cluster was given by Poisson
statistics; i.e., we calculated the statistical probability of
finding n nucleons in a fixed volume, assuming no corre-
lations and no interactions between them. The Fermi
momentum of each cluster was determined by allowing
each of the nucleons within the cluster to have a normal
Fermi distribution given by a sharp radius of 270 MeV/c.
In Figs. 17 and 18 we show the fits obtained to the
p+NaF and Ne+NaF data using a Poisson distribution
of nucleons in each cluster containing one nucleon on the
average ((n ) =1). Here, too, one overall normalization
was chosen to fit the data. Similar fits to the p+Pb and
Ne+ Pb data are not as good, probably because rescatter-
ing corrections are not included. It is worth noting that
in a Poisson distribution with ( n ) = 1 the probability of
finding two or more nucleons in the cluster, relative to
that for finding only one is 72%. It is collisions between
the multinucleon clusters that provides the energy for the
highest-energy kaons.

By now a number of detailed intranuclear cascade cal-
culations have been published. ' In the case of kaon
production the processes considered by the authors of
these papers are (1) direct kaon production in reactions of
the type NN~YNK, (2) scattering of nucleons before
(and after) kaon production, (3) production of an energet-
ic pion which can subsequently react with another nu-
cleon to produce a kaon, (4) NN~(N*)N followed by
(N*)N~NYK, where (N*) is one of the nucleon isobars;
e.g., b, , and (5) scattering of the produced kaon on one or
more of the available nucleons; i.e., a final-state interae-
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FICx. 18. Kaon production cross sections for Ne+NaF col-
lisions. The full curve shows the fits using a single nucleon-
nucleon interaction. The same Fermi distribution was assumed
for both projectile and target nucleons. Relative positions of
the cross sections are predicted by the model, but the overall
normalization was chosen to fit the data. The dashed curve
shows the fits using the multinucleon cluster model where the
number of nucleons per cluster is given by Poisson statistics
with (n ) =1. Relative positions of the cross sections are pre-
dicted by the model, but the overall normalization was chosen
to fit the data.
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FIG. 19. Invariant K+ production cross sections for several
angles, compared to cascade model calculations of Ref. 9. The
long dashed give the contribution to the primordial cross sec-
tion coming from the baryon-baryon collisions. The dash and
dotted curve is obtained by a rescattering correction to the first
quantity. The full curve is finally obtained after addition of the
mX contributions (without rescattering correction).
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FIG. 20. Lorentz invariant kaon production cross section vs
kinetic energy in the NN c.m. system at 2.1 GeV/nucleon corn-
pared to a cascade calculation using elementary cross sections
given in Ref. 13. The dashed line shows the spectrum obtained
in the earlier calculation of Randrup and Ko (Refs. 5 and 6).

30

tion of the E+. Examples of the fits are shown in Figs.
19 and 20. In Fig. 19 we show the results of Cugnon and
Lombard. The long dashes give the contribution to the
primordial cross section coming from baryon-baryon col-
lisions. The dash-dotted curves are obtained by including
rescattering of kaons. The full curves are obtained by
adding the ~N contribution (but do not include kaon re-
scattering). The fit obtained by Zwermann' is shown in
Fig. 20. He parametrized the basic NN —+ YNX reaction
by using phase-space considerations. No rescattering
corrections are included in this work. The difference be-
tween these two calculations is attributed to the use of
different basic NN —+FNK cross sections. We refer the
interested reader to the original poblications for further
details. '

B. Macroscopic models

Thermodynamic models assume that the region of
overlap between colliding nuclei becomes completely
thermalized during the collision. The momentum of the
various particle types depend on the temperature of the
system. These models contain a free parameter which is
related to the freeze-out density. Early calculations'
overestimated the K+ yield by a factor of about 20, main-
ly because strangeness conservation was not properly in-
cluded. More recent calculations' have remedied this
problem, and agreement with experiment is thereby
greatly improved. The calculations are now about a fac-
tor of 1.5 times higher than the data. This excess has
been attributed to the breakdown of the assumption that
the energy of the colliding particles is completely
thermalized. Figure 21 shows a comparison between a
thermal model, 2 ' ' a cascade model, ' and the experi-
mental points for the Ne+NaF —+L+ reaction at 2.1

GeV/nucleon. ' Both models reproduce the general trend
of the data, although the cascade calculation is in better
quantitative agreement.

0.4 0 8 & 2

PK (GeV/c)

FIG. 21. Invariant spectrum of E+ mesons from the
Ne+NaF reaction at 2.1 GeV/nucleon. The histogram corre-
sponds to the results of a cascade calculation (Ref. 15) and the
curves to calculations with the Srestreak model (Refs. 26, 27,
and 32).

V. CONCLUSIONS

Our motivation for undertaking this experiment was to
study hadronic interactions in heretofore unexplored ter-
ritory. We hoped to exploit the unique properties of E+

esons —their strangeness and their relatively low-
interaction cross sections —as a probe of nuclear interac-
tion dynamics at high energies. We wanted to take ad-
vantage of their long mean free path to suppress secon-
dary interactions and thereby to get more direct informa-
tion about the early stages of the production process.
Perhaps most of all we wanted to know whether or not
kaon production in nucleus-nucleus colhsions involved
any interesting new phenomena, or if the measured cross
sections could be explained on the basis of existing (stan-
dard) mechanisms.

Our results produced no great surprises. The mecha-
nism for kaon production by nuclei seems to be quite
similar to that in nucleon-nucleon collisions. To be sure
there are kinematic differences. There is extra energy
available when nuclei collide (as contrasted with the p-p
case) some of which goes to the produced kaon, resulting
in exponentially falling momentum distributions. The
slope of the exponential is slightly less steep in the
nucleus-nucleus case than for p nucleus. As in the p-p
case the dominant reaction is NX~YNK. Qualitative
fits to the data can be obtained with single scattering
models, either by invoking exponentially falling Fermi
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momentum distributions or by colliding small clusters of
nucleons. Much more sophisticated intranuclear cascade
calculations and thermodynamic models have been pub-
lished, which are in reasonable agreement with our mea-
surements. Quarks, compressional effects, and/or other
nonstandard mechanisms are not needed at this stage to
explain the results.

Since the completion of the experimental part of this
work there have been further speculations about how
kaons might signal new phenomena. Among the topics
mentioned in these papers are (1) the role of quark clus-
ter states, '" (2) compressional effects, ' (3) high Fer-
mi momentum components, ' ' (4) the quark-gluon plas-
ma, (5) the time evolution of high-energy nuclear re-
actions, ' (6) the nuclear equation of state, and (7) sub-
threshold reaction mechanisms. Although the re-
sults obtained here have shed little, if any, light on these
issues, they seem to have at least stimulated considerable
new theoretical and experimental activity.

As for the future it is clear that both the quality of the
basic XN —+ YAK data, which is used as input in the
theoretical model calculations, must be improved
significantly, ' and the kaon production measurements

will have to be much more accurate and extensive before
really meaningful tests of the models can be expected.
They should cover a much wider range of bombarding
energies, angles, and secondary momenta. More exten-
sive studies of the mass dependence of the colliding nuclei
have been suggested as a means of probing possible
compressional efFects.
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