
P H YSI CAL REVIEW VOLUME 108, NUM 8 ER 5 DECEMBER 2, 2957

Production Cross Sections of K+ Mesons by 3-Bev Protons on H, Li, and Cu*

P. BAUMEL, G. HARRIS, J. ORKAR, AND S. TAYLOR

DePartmertt of Physics, Columbia Urteserst'ty, 1Vero York, tVeto York

(Received August 15, 1957)

Liquid hydrogen, lithium, and copper targets were exposed to the Cosmotron 3-Bev external proton
beam. Nuclear emulsion stacks were used to detect momentum-analyzed X+ and ~+ mesons of momentum
280 Mev/c leaving the target at 0' in the laboratory system. Correcting for decay in liight, the sr+/E+
ratios are (630&110), (290&48), and (304&50) for the respective hydrogen, lithium, and copper targets.
The laboratory system differential cross sections for E+ production are (4.8&1.0) X10 's, (3.5&0.7) &(10
and (3.0&0.6) &(10 "cm'/sterad Mev per hydrogen, lithium, and copper nucleus respectively. Assuming
a E+ energy dependence proportional to the final state density (energy independent matrix element) the
integrated X production cross sections are 0.21, 1.7, and 14.7 mb for hydrogen, lithium, and copper. For
a matrix element proportional to the X+ momentum in the center of mass and assuming a cos~8 distribution
the p-p cross section also happens to be 0.21 mb. The sr/E ratios indicate that E+ production by p-p is not
suppressed significantly relative to that by p-nucleus and that the Li to Cu Z-dependence of X production
appears the same as for 7i-+ production. Our integrated cross sections suggest that strange particle production
by 3-Bev protons occurs 1% of the time.

I. INTRODUCTION

Nucleon-Nucleon Production

1
~~NE of the elementary strong interactions involving

strange particles is the nucleon-nucleon produc-
tion of a strange particle pair:

N+N &(A or Z)+—K+X.

At present little is known about this process experi-
mentally. In fact no experimental cross sections have
been determined for strange particle production by
protons on hydrogen. Only order of magnitude estimates
have been given so far. ' ' In the hydrogen diffusion
cloud chamber experiments a grand total of 4 pictures
of strange-particle production by p-p have been seen. ' '
These results are consistent with a production cross
section 1%of geometrical for 3-Bev protons. Linden-
baum and Yuan, using liquid hydrogen target and
counter techniques, have a preliminary result of 12
counts interpreted as E-mesons which is also consistent
with 1'Po of geometrical. ' On the other hand, there
are one diGusion cloud chamber experiment and one
counter experiment' which agree best with a production
cross section smaller by an order of magnitude.

The experiment reported here used a liquid hydrogen
target in the full external 3-Bev proton beam of the
Cosmotron. Positive particles of 280 Mev/ lecaving the

target at 0' in the lab (laboratory) system were mag-
netically analyzed and detected in nuclear emulsion
stacks. Figure 1 shows the geometry used. A lab differ-
ential cross section of (4.8+1.0)X 10 "cms/sterad Mev
for E+ production was obtained. The total cross section
for E+ can be estimated by integrating over the E+
phase space with the result 0.2 mb which is —',% of
geometrical.

Nucleon-Nucleus Production

Ke have also measured differential E+ production
cross sections from lithium and copper targets and And
cross sections also of the order of 1% of geometrical.
Our results are given in Table I. The erst indications
of such a high E+ yield from protons on copper were
from the momentum analyzed E+ beams of the
Bevatron and Cosmotron. ' ' A,ssuming each Cosmotron
internal proton traversed the entire target length once,
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TABLE I. 3-Bev P-p, P-Li, and p-Cu results. The di6erential cross sections are in the laboratory system for particles of 280 Mev/c
momentum at O'. The total cross sections for E+ production, Oz' and o~b, are obtained from the differential cross sections by making
certain assumptions about the IC-meson energy and angle distributions.

H
Li
CU

~+/K+

630+110
290a48
304~50

d20 ~/drA)JT
cm~/sterad Mev

(4.8&1.0) X10 as

(3.5&0.7) X10 "
(3.0&0.6) X10 "

d&cr &/dard T
cm2/sterad 1Vlev

(1.65~0.28) X10-»
(5.6~0.1)X 10 "
(5.1+0.9)X 10 "

ega
mb

0.21
1.7

14.7

o&b
mb

0.21

&Xa/4'sotal

0.005
0.007
0.011

' Assuming a production matrix element which is constant.
Assuming a matrix element proportional to the K-meson momentum in the c.m. system and a K-meson angular distribution of cos tt in the c.m. system.

we had estimated from earlier data' that the E+ cross
section was order of magnitude a few percent of geo-
metrical. The proton on iron results of Cool et al. ,

4 are
in agreement. The published estimated cross sections
of Ridgway, Berley, and Collins are lower. ' However,
more recent information on the Z+ lifetime and branch-
ing ratios to x' decay modes have caused them to
increase their original estimates. " These comparisons
are discussed in more detail in Sec. IV.

From our lithium and copper rr/E ratios the Z-de-
pendence for E+ production appears the same as the
Z-dependence for pion production. Our results suggest
that direct nucleon-nucleon production is sufdcient to
explain strange particle production by protons on
nuclei. If production by intermediate pions predomi-
nated, one would obtain lower cross sections, and the
hydrogen cross section relative to the lithium and
copper would be much smaller than that observed in
this experiment. "

II. EXPERIMENTAL DETAILS

Magnet System

The full external Cosmotron 3-Bev proton beam"
passed through two strong focusing magnets and then
was deflected 6 by a bending magnet of 6-inch gap
before passing about 20 feet through the shield wall to
our target position. The beam was focused to a spot of

1 inch diameter at the target position. The 3-Bev
protons passed through the 18&&36 inch analyzing
magnet shown in Fig. 1. This magnet of 6-inch gap,
deflected particles of momentum 280 Mev/c through 77'
and focused them in the horizontal plane at the emulsion
stack position. The path length from target center to
emulsion was 230 cm. There was a small amount of
defocusing in the vertical plane. The effective aperture
and dispersion of the analyzing magnet were determined
both by calculation and by wire measurements and
agree within errors. The dispersion, dTrr/dy (change
of energy per cm of lateral displacement at the emul-
sion), was also checked by measuring the lateral varia-
tion of proton range in the emulsion.
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Monitoring

The number of protons passing through the target
was determined using the external beam analyzer
designed and calibrated by Dr. C. Swartz. This was an
8&8)&2 inch thick water Cerenkov counter. A NaI
crystal screen, which permitted each pulse to be ob-
served by remote TV, was placed at the downstream
face of this monitor. At this position the spot size was

2 inches in diameter. No drift in spot position occurred
during any of the exposures. The accuracy of the moni-
tor calibration is +10/o.

H', ydrogen Target

At the time this experiment was being planned, the
prevailing opinion was that the p-p cross section for
strange particles was considerably smaller than that
from larger nuclei. For this reason we designed a
hydrogen target and experiment which would have a
high effective thickness of hydrogen with a window
thickness as small as possible. One can use a long target
and still obtain good focusing by looking at 0' in the
lab. We decided on a Styrofoam target which would hold
15 inches of liquid hydrogen in the beam direction with
6-inch diameter windows of —,'-mil Mylar. The heat leak
through the windows was minimized by using double
windows on the two Styrofoam boxes with dead spaces
of hydrogen gas between them. In addition to the two
Mylar windows on the inner copper can and the two
on the outer aluminum box, there were then 4 windows
on each Styrofoam box. The liquid hydrogen loss rate
was about 5 liters/hr when filled to 25 liters. The
target was constructed at Brookhaven National Labor-
atory under the direction of Dr. R. Adair and Mr. W.
Schlafke.

The proton beam traveled in helium bags both
before and after the target. There was 0.17 g/cm' of
helium, ajr, and windows in the beam path up to a
distance of 1.5 E+ decay lengths from the emulsion
stack position. During the run the windows of the
hydrogen target accumulated a layer of frost estimated
to be less than 0.04 g/cm'.

Scanning

Emulsion stacks were exposed to targets of liquid
hydrogen, lithium, and copper. In addition background
stacks were exposed to the empty liquid hydrogen
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TABLE II. Exposure conditions and E+ and sr+ cruxes found in the
Ave stacks which were exposed.

Target

H
Ll
Cu

Empty H
No target

Target
thick-
ness

(g/cm2)

2.6
12.7
11.3

Beam
protons

Ny

2.28X 10»
1.64X 10»
1.20X10»
1.90X 10»
0.92X10»

Number
of K's
found

60
59
63

6
not
scanned

K+ flux
at stack

(K/cm~)

84.3
290
176.4

5.9

m+ flux at
stack I~

~/cm2

1.72X10'
2.68X 10'
1.74X 105
3.05X 104
1.84X 104

target and to no target at all. All scanning was along-
the-track. The pickup strip was 2 cm from the leading
edge (0.9 cm residual range for E+) and all gray tracks
within the proper dip and azimuth limits were followed.
Only tracks with visible secondaries were accepted as
E-mesons. Tracks with no apparent secondary were
grain counted at 1 cm residual range in order to separate
protons from the E-mesons. The ends of tracks which
had a E-meson grain count were critically examined
for secondaries. About 2% of the gray tracks followed
were E-mesons. The rest were mainly protons which

passed through the E-ending region. We believe most
of these background protons were produced in the
helium gas inside the magnet gap and thus had no
momentum selection in our geometry. The over-all
eKciency for ending E-mesons was estimated to be
91% by rescanning and by examining the dip, azi-
muth, and range distributions of the E-meson tracks.

d~dT X,~Pa(tv/ds) (dT/dy)x

where Iz.' is the number of E+/cm' corrected for decay
in flight, E„ is the average number of beam protons
passing through the target, e& is the number of target
nuclei/cm', 8~——0.237&0.012 radian is the horizontal
acceptance angle, dev/dz= (3.90&0.27)&&10 ' rad/cm
is the vertical acceptance angle per cm at the stack,
and (dT/dy)x 1.53&0.08 Mev/——cm is the horizontal
dispersion per cm at the stack. The resulting diGerential
cross sections for E+ and m+ production are given in
Table I. The c.m. (center-of-mass) system p-p cross
section for E+ production is

d (T~ = (4.5&0.9)&(10 "cm'/sterad Mev,
d~dT

for 8= 180' and kinetic energy 7=67 Mev.

III. RESULTS

The pertinent data are shown in Table II The 7r. /E
ratio at the target is obtained by using the correction
factors 1.10 and 3.08 for decay in flight of the m+ and
E+, respectively. The corrected s/E ratios are pr'e-

sented in Table I. The absolute differential cross
sections are obtained by the relation

The p-p cross sections have been corrected for back-
ground by subtracting the E+ and x+ Quxes per monitor
count found in the empty target exposure. This E+
background correction is (8.4+4.2)% and is what would
be expected from the 0.2 g/cm' of nonhydrogen in the
beam. The empty target stack has a pion Qux per
monitor count which is 21% of the pion flux when the
target is 6lled with hydrogen. The fact that the back-
ground correction for pions is larger than that for E's
is reasonable, since, having a much larger decay length
(50 ft), pions can be produced in the helium upstream
from the target and still reach the emulsion stack.

The copper and lithium pion cross sections have been
corrected for the pion background found in the no-target
exposure. No background correction has been made for
the copper and lithium E+ cross sections since this
would be at most a 3% correction as determined by the
E flux found in the stack exposed to the empty target.

The total cross sections for E+ production have been
estimated using the relations

p &max

~~~'p(&)d&d~,
U (yp

where 3f is the production matrix element, V, is the
relative velocity of the 2 protons, and p(T) is the
density of fjnal states integrated over all nucleon-
hyperon directions for a given E-meson energy T. All
the above quantities are in the c.m. system. We have
used the exact relativistic expression for the density of
states of three particles of unequal masses as given by
Block, Harth, and Sternheimer. "We have considered
the cases where ~M~'isa constant, and where ~M(' ~ p'
assuming a cos8 distribution of the E in the c.m.
system. Here p is the E+ momentum in the c.m. system.
A E+meson must be produced in association with either
a A or a Z hyperon according to the following modes.

p+h'+E+.
p+ p p+&'+E'

.n+Z++E+

The production modes with associated E or pions are
neglected here because of the nearness to their thresh-
olds. If the E+ production is in association with A' s
only, the integrated cross sections are 0.25 mb and
0.28 mb for the constant and p' cos'8 matrix elements,
respectively. If the E+ production is with Z's only, the
corresponding cross sections are 0.19 mb and 0.18 mb.
Our experiment was at such a momentum that the
above 4 estimates happen to be fairly close to each
other. However, we would expect the uncertainty of
this type of estimate to be at least a factor two. The
E+ cross sections given in Table I and the plots of

"Block, Harth, and Sternheimer, Phys. Rev. 100, 324 (1955).
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differential cross section vs energy in Fig. 2 were
obtained by assuming equal matrix elements for the
above three production modes.

The integrated E+ cross sections for copper and
lithium which are shown in Table I have been estimated
by using the curves of Block, Harth, and Sternheimer. "
They average the proton-nucleon phase space over a
Gaussian nucleon Fermi momentum distribution.

30xlO

20xIO

10xlO™

b II-
IN 3

0 IOO 200
T (KINETIC ENERGY OF K IN C.MS.)

300 400
(Mev)

Fxo. 2. 3-Bev p-p differential cross section for X+ production
in center-of-mass system as a function of the E+ kinetic energy.
These two curves are Gtted to our experimental point for Jt.+
of 67 Mev at 180' in the c.m. system. The two shapes are deter-
mined by the two assumptions:

I
M

I

' ~ 1 and
I
3f

I

r ~ ps where p
is the c.m. system E+ momentum. The A. and Z processes are
combined as discussed in Sec. III. (Note that the

I M I

r ~ Ps curve
is reduced by the factor cos' e for angles other than 0' or j.80'.)

r4 J. Hornboste1 and E. Sa1ant (private communication) inform
us that they have p-Be data which indicate an increase in X+
yield as a function of proton energy which is faster than would
be expected from phase space alone.

IV. DISCUSSION

S-Dependence

Our production cross sections are dependent upon
the monitoring system and the magnet geometry deter-
minations. The m/E rati.os for the different targets are
not dependent on these determinations and therefore
should be a more direct indication of the Z-dependence
of the strange particle production cross section. The
lithium and copper m./E ratios are about the same,
which suggests that, within the errors quoted, the E+
Z-dependence is the same as the x+ Z-dependence.
From our lithium and copper differential cross sections
it appears that the m+ Z-dependence is linear with
atomic weight within the errors.

Our m./E ratio from hydrogen is about a factor two
higher than that from copper or lithium. Lindenbaum
and Yuan' observed the same effect at 60' in the lab
system. We do not feel that one is justified in concluding
that the p-Cu interaction is twice as effective as the
p-p for producing E+, or that the p-e cross section for
E+ should be larger than the p-p. This is because of
several complicating factors which are de.cult to
evaluate. One of these factors is that the nucleon-
nucleon cross section for strange particles may be
increasing quite rapidly with energy at 3 Bev,"so that

because of Fermi momentum, the average proton-
nucleon cross section in the nucleus would be greater
than the 3-Bev value. Another factor to be considered
is that one expects more s-+ from p-p collisions than
from p n,. Th-is would be the case if both p-p and p-e
gave the same average number of pions at 3 Bev. The
similarity of our E+abu'ndances from p-p and P-nucleus
is evidence against intermediate pions as the chief
mechanism for strange particle production in nuclei.
Also, the intermediate pion model predicts E+ pro-
duction cross sections much smaller than the values
given in Table I."

Our similarity of E+ abundances from p-p and
P-nucleus is in agreement with Lindenbaum and Yuan, s

but is not in agreement with the conclusions of Cool,
et al. ,

4 and Berley and Collins. ' Cool et al. , conclude
that the P-Fe interaction is at least 4 times more
effective than the p-p for producing strange particles.
Berley and Collins have a p-p effect close to zero with
an upper limit which is s of the p-d cross section for
strange particles which decay into neutral pions.

It should be noted that our di6erential cross sections
per gram for E+ production from H, Li, and Cu are all
the same within the errors.

P-P Cross Sections

There are at this time no measurements with which
to compare our absolute differential cross sections.
However, order of magnitude comparison can be made
with the integrated cross sections for E+ production.
The integrated cross section can be obtained from the
measured differential cross section by assuming a par-
ticular energy and angle dependence for the production
matrix element. We calculated the cross section for the
following two cases: ~I3I~I'=a constant, and ~M~' ~ p'
)&cos'0. The constant matrix element might be expected
for a scalar interaction. The p' cos'8 dependence, which
is similar to that found in pion production, might be
expected for a hyperon and E-meson of opposite parity.
In fact, one can learn about the relative parities of the
A, Z, and E by observing the E-meson energy and
angle distributions near threshold. " Our present ex-
periment was in such a momentum region that both of
our choices for ~3E~' happened to give 0.2 mb for the
integrated cross section. Since this experiment does not
detect the production mode p+ p +p+Z++E', the-
cross section for all strange particle production should
be greater than our value of 0.2 mb for the E+ modes.
According to conservation of isotopic spin, the E mode
may be zero, but it cannot exceed three times the other
Z —E+ modes. "This puts an upper limit of 0.8 mb
for all strange particle production by p-p at 3 Bev.

In comparing our integrated cross sections with those
from other experiments, three points should be remem-
bered. The 6rst is that the total data are still meager.
Second is the fact that none of the cross sections are

"G. Feldman and P.T.Matthews, Phys. Rev. (to be published).
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measured directly, but all were calculated by assuming
particular IC-meson energy and angular distributions. A
change in these assumptions will aGect the various
experimental results quite diGerently. For instance, the
assumption of a E-distribution strongly peaked forward
and back would decrease the cross section as calculated
in this experiment, but would increase the cross sections
of Cool et al. and of Berley and Collins. The third point
to be remembered is that the diGerent experiments
measure different production processes. Our experiment
detects E+, that of Berley and Collins detects A', Z',
2+, and E', and that of Cool et al. detects short-lived
strange particles. However, these two experiments
should be quite sensitive to all the E+ modes detected
in this experiment, since the E+ must be accompanied
by either a h.', Z', or Z+.

Both Cool et al. and Berley and Collins use a constant
matrix element to estimate their integrated cross
sections. Cool et al. get an upper limit of 0.2 mb for
strange particle production by p-p which is the same
as our estimated value. Using the recently determined
branching ratios of h. ~+sr' and E'—+2s'," Berley
and Collins estimate an upper limit of 0.013 mb for
strange particle production by p-p."This is an order
of magnitude lower than that expected from our
results.

Our value of 0.2 mb is 0.7% of the 28 mb total
inelastic p-p cross section at 2.6 Bev. ' This is just as
large as the several s.-p cross sections for E+ which
have been measured. '8 Our value agrees with the one
associated production in 202 p-p interactions at 2.6 Bev
seen by Block e$ al. ,

' and with the two events in 94
P-P interactions at 5.3 Bev seen by Wright eg aLs

Because of the nearness to threshold, the one event
seen by Fowler et al.' at 1.95 Bev is also in agreement.

A theoretical estimate of the 3 Bev p-p cross section
for strange particle production has been made by
Serb er using a modi6ed Fermi statistical model

approach. "He obtained a result of ~0.5 mb which is
somewhat higher than our value.

P-Nucleus Cross Sections

Our estimated p-Cu cross section of 14.7 mb is 2%
of the total neutron-copper absorption cross section of
670 mb at 1.4 Bev.' This is consistent with the 7.4&1.5
mb cross section for strange particle production by
3-Bev protons on iron obtained by Cool et cl. Ridgway,
Berley, and Collins estimate 1 mb per carbon nucleus
for strange particle production. 9' This is to be com-
pared to our estimate of 1.7 mb for protons on lithium.
We and Berley and Collins expect our integrated cross
section estimates to be uncertain by at least a factor
two.

Another way of estimating the p-Cu cross section is
to use what little knowledge one has of the m+ produc-
tion cross section at 3 Bev, and calculate back from
the several m/E ratios which have been obtained. ' '
Such estimates give the result that strange particle
production should be 1% of the total cross section. "

In summary, our tr/E ratios indicate that E+ pro-
duction by p-p is not suppressed significantly relative
to that by p-nucleus and that the Z-dependence
appears the same as for x+ production. Our diGerential
cross sections give rise to estimates of an integrated
strange particle production cross section by 3-Bev
protons 1% of geometrical.
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