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Z Dependence of Positive Pion Production by 340-Mev Protons*
WILLIAM IMHOF)f HARRY T. EASTERDAY, f. AND VICTOR PEREZ—MENDEZ

Radiation Laboratory, University of California, Berkeley, California
(Received December 13, 1956)

The relative yield of positive pions produced in various elements by the 340-Mev external beam of protons
from the 184-in. Berkeley cyclotron was measured using a counter telescope to identify the mesons. The
target materials used were Li {normal), Be, B",B", C, Al, Cu, Ag, and Pb. Mesons from these elements
with energies 36&4 Mev and 63&4 Mev were observed at an angle of 135' relative to the proton beam.

The eRect of the penetration of the protons into the heavier nuclei on the resultant yield of pions was
observed and the result compared with Gasiorowicz's theory. In the lighter nuclei, the effects of the increasing
momentum-density distribution from Li to C were noted and approximate 1/e values were obtained for
assumed Gaussian momentum distributions.

I. INTRODUCTION

HE production of pions from complex nuclei, as
contrasted with the basic production process

from a free nucleon, is complicated by the e6ects of
binding energy, internal momentum, the exclusion
principle, the Coulomb barrier, and meson reabsorp-
tion. ' Some experimental evidence for these modifi-
cations lies in the observation that the efFiciency of
photoproduction of pions exhibits approximately an
A & dependence. "The production of pions by proton
bombardment is complicated further by the interaction
of the incident protons in nuclear matter, 4 resulting in a
more complicated A dependence for the production
efficiency. In order to learn more about such processes,
we bombarded Li, Be, B",B", C, Al, Cu, Ag, and Pb
targets at the Berkeley 184-inch cyclotron, and counted
positive pions emitted at 135' to the beam line.

II. EXPERIMENTAL METHOD

The experiment was done by using the scattered
external beam of 340-3Iev protons produced by the
184-inch Berkeley cyclotron. The experimental arrange-
ment is shown in Fig. i. The proton beam current was
monitored by a parallel-plate ionization chamber filled
with argon. The positive pions emitted from the target
at 135' to the incident proton beam were counted by a
telescope consisting of three plastic scintillators in
which identification of the pions was made by their
characteristic m to p decay. ' The scintillators were 3
in. by 3 in. by —, in. in size and were each viewed by a
matched pair of 1P21 photomultipliers, thus insuring
a fairly uniform pulse-height response over the area of
the scintillator. The operation of the counter telescope
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is as follows: Output pulses due to the passage of
charged particles through the first two plastic scintil-
lators were selected at a sufficiently high bias to
minimize the response to low dE/dx particles. The
output pulses of the first two scintillators were fed to a
diode-coincidence circuit (r=5)& 10 ' sec) and the
output was amplified and used to trigger a fast uni-
vibrator circuit which produced a gate pulse 6)(10 '
sec wide. This gate pulse was delayed by 3)&10 ' sec
and put in coincidence with pulses obtained from the
third scintillator. In order for a positive pion to be
counted, it had to pass through the first two scintil-
lators with sufhcient dE/dx, then stop, and decay into
a p meson in the third scintillator within a time interval
of 3 to 9)&10 ' sec. Thus, by requiring the pions to
stop in the third scintillator, the energy band accepted
by the telescope is determined by the amount of
absorber placed in front of the telescope. Figure 2
shows a block diagram of the electronic circuitry.

The accidental counts in the telescope were deter-
mined by use of a duplicate coincidence circuit in which
the gate pulse was delayed by 12&(10 ' sec and which,
because of the long delay, counted mostly accidental
counts. The tracking of the two circuits was checked
periodically by triggering the gate generator with an
auxiliary 1-Mc pulser while the telescope was in its
normal counting position in the cyclotron beam. As
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FIG. 1. Experimental lay-out in the meson cave showing relative
positions of target, detector, and shielding.

* This work was supported by the U. S. Atomic Energy
Commission.

f Present address: Lockheed Aircraft Corporation, Palo Alto,
California.

f Present address: Department of Physics, University of
Oregon, Eugene, Oregon.' R. E. Marshak, Meson Physics (McGraw-Hill Book Company,
Inc. , New York, 1952), p. 72.' R. F. Mozley, Phys. Rev. 80, 493 (1950).' R. M. Littauer and D. Walker, Phys. Rev. 86, 838 (1952).

4 S. Gasiorowicz, Phys. Rev. 93, 843 (1954).
5 Jakobson, Schulz, and Steinberger, Phys. Rev. 81, 894 (1951).
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Fro. 2. Block diagram of electronic detecting apparatus.

there is no time correlation between the megacycle
pulses and the detector pulses, both circuits should
have statistically equal counting rates under these
conditions, and their counting efficiencies were adjusted
accordingly. The tracking stability of the circuits
deviated less than 5% during the entire experiment.
Because the background counting rates were always
maintained at less than 30% of the meson count, these
fluctuations could, at most, contribute a 2% error.

The targets were all considerably larger in cross-
sectional area than the proton beam and were of
thicknesses ranging from 1 g/cm' to 1.75 g/cm'. The
boron targets were in the form of compressed powder
held in place by aluminum foils 0.002 in. thick. A
similar container was necessary to protect the lithium
from the air. Identical empty containers were used to
obtain the background counting rates for these elements.

emitted pions in each target, and for the variation
between various targets of the energy resolution of the
detector. None of these corrections amounted to more
than 4%. Corrections that would merely change the
detection efficiency by the same factor for all targets
were not considered because only the Z dependence at
each meson energy was of interest.

Table I gives the final data after the corrections were

applied to the raw data. The errors shown are the
standard deviations due to the counting statistics.

TABLE I. Relative positive-pion yields per proton in the nucleus
at 135' to the incident beam produced by 340-31ev protons. At
each pion energy the relative yields have been normalized to a
carbon value of 1.00.

Target
nucleus

Li
Be
Blfl

11

C
Al
CU
$g
Pb

Pion energy,
36&4 Mev

0.858&0.077
0.892&0.039
0.971&0.048
1.034+0.051
1.000&0.031
0.950m 0.054
0.745~0.043
0.453w0.033
0.321+0.027

Pion yieltls
Pion energy,
63&4 Mev

0.569~0.272
0.568&0.089
0.826~0.112
1.061~0.118 „1.000&0.104

IV. INTERPRETATION OF DATA

A. Interaction of Incident Protons

Figure 3 shows the Z dependence for the production
of 36-)lev pions at 135'&7' to the incident beam by

340-Mev protons and by 335-3lev bremsstrahlung. '
A comparison of the two sets of data for target nuclei
heavier than aluminum indicates that the pion-
production efficiency drops off faster with increasing ~l

III. RESULTS

Corrections were made for the nuclear absorption
of the proton beam and the nuclear interactions of the
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FIG. 3. Relative 36-Mev 7r+ yields per proton in the nucleus at
135' produced by 340-Mev protons and by 335-Mev brems-
strahlung. Both sets of data have been normalized to a carbon
value of 1.00. Curve 3 describes the photomeson yields predicted
by Brueckner, Serber, and Watson on the basis of the optical
model for a meson mean free path of 2ro. Curve 8 represents the
pion production eKciency for 340-Mev proton bombardment
predicted by Gasiorowicz for a meson mean free path of 2ro.

under proton bombardment than under gamma bom-
bardment. It has been pointed out by Gasiorowicz' that
in the former case meson production is possible only in
the "front" of the struck nucleus due to the energy
degradation of the incident protons in nuclear matter.
Figure 3 shows the 3 dependence for the production
efFiciency predicted by Gasiorowicz for a proton mean
free path in nuclear matter of about 4.3&&10 " cm
and for a meson mean free path of 2rf, , where
ro (nuclear rad——ius)/Al. On the same graph is shown
the photomeson yield curve predicted by Brueckner,
Serber, and Watson' on the basis of the optical model
for a meson mean free path of 2r(l. Because internal
momentum, discussed in the next paragraph, has a
dominant efI'ect for elements lighter than aluminum,
these theoretical curves have not been extended into
this region. '"

Imhof, Perez-Mendez, and Easterday, Phys. Rev. 100,
1798(A) (1955); W. Imhof, thesis, University of California Radia-
tion Laboratory Report UCRL-3383, April, 1956 (unpublished).

7 Brueckner, Serber, and Watson, Phys. Rev. 84, 258 (1951).
M. Lax and H. Feshbach, Phys. Rev. 81, 189 (1951).
E. M. Henley, Phys. Rev. 85, 204 (1952).
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Fro. 4. Relative yields per proton in the nucleus of 36-Mev and
63-Mev pions at 135' produced by 340-Mev protons and of
40-Mev pions at 140' produced by 240-Mev protons. Each set
of data has been normalized to a carbon value of 1.00, carbon
being the most accurately measured element common to all three
experiments.

proton-proton collision the final nucleons form a
deuteron. Such a deuteron-forming reaction accounts
for about 70% of the a.+'s produced in p-p collisions. "
It was also assumed, as proposed by Neher, " that 20
3 Iev must be supplied to cover 8-Mev binding energy
for the removed proton and approximately 12 Mev
for the excitation and recoil of the residual nucleus.
As the value 20 3Iev is somewhat arbitrary, Po was
also calculated on the assumption that 30 Mev must
be supplied. The resulting values of Pe are 10% to
14% higher. In applying these values of Ps to estimate

"D. L. Clark, Phys. Rev. 87, 157 (1952).
"M. Gell-Mann and K. Watson, Annla/ Review of Suclear

Science (Annual Reviews, Inc. , Stanford University, 1954), Vol. 4,
p. 219."L. K. Neher, thesis, University of California Radiation
Laboratory Report UCRL-2191, April, 1953 (unpublished).

The increase in meson yield in the light elements
from lithium to carbon can be explained in terms of the
internal-momentum distribution of protons in these
nuclei, for, under the conditions of this experiment, the
yield of 36- and 63-Mev mesons from a proton at rest
is kinematically impossible.

The Z dependence for the production of 36-Mev and
63-Mev pions at 235' by 340-Mev protons as well as
Clark's data" on the production of 40-Mev pions at
140' by 240-Mev protons is shown in Fig. 4. For each
of these experimental conditions Table II lists the
minimum momentum, Po, that the struck nucleon has
to have in order to make the reaction possible. For the
purpose of calculating P'0 it was assumed that in the

TABLE II. Minimum momentum, I'0, that the struck nucleon
must have in order to make the reaction possible given as a
function of meson angle, pion energy, and proton energy.

Case
Meson angle

(deg)

135
135
140

Pion energy
(Mev)

36
63
40

Proton energy
(Mev)

340
340
240

Po
(Mevt'c)

184
291
391

TABLE III. Relative I/e values for Gaussian distributions.

Ec
Case (Mev)

I 193
II 19.3
III 19.3

EgII
(Mev)

19.9~2.0
19.8~1.5

Eglo
(Mev)

17.4~1.6
17.2~1.5

Eae
(Mev)

15.4~1.0
15.0a1.4
15.5~0.3

Er.i
(Mev)

14.1~1.4
14.6~3.0

"Wattenberg, Odian, Stein, Wilson, and Weinstein, Phys.
Rev. 104, 1710 (1956).

internal-momentum distributions, as discussed later,
the resulting differences in the 1/e energy values are
about 5%. Such differences are smaller than the errors
introduced by the counting statistics in cases I and
II, so only results based on the supplying of 20 Mev
to the residual nucleus will be given.

It is seen that the higher the value of Po, the greater
is the variation of meson yield with atomic number for
elements lighter than carbon. This suggests an increase
with atomic number of the occurrence of high-
momentum components in the momentum distribution.
The data indicate that the protons in B"have a larger
mean momentum than in B",although, because of the
statistical error, the difference of the two cross sections
is not very significant.

The apparent diGerence in average internal mo-
mentum between the light nuclei can be expressed
quantitatively in terms of the change in 1/e value for
assumed gaussian momentum distributions. The experi-
mental ratios were first corrected for meson and proton
absorption as discussed above. Assuming the 1/e value
for carbon, E, to be 19.3 Nfev, the 1/e values for Li
and Be, E&; and E&„respectively, were adjusted to
predict the corrected experimental pion production
from Li and Be. This calculation was made on the
assumption that all the protons in a nucleus with an
internal momentum greater than Po are equally
effective in producing the mesons observed. The values
of EL; and EB, so obtained are given in Table III. The
errors indicated are due solely to the counting statistics
of the experimental data.

In view of the simplified nature of these calculations
one should probably take the absolute values less
seriously than the relative values.

Wattenberg et a/. "have obtained internal-momentum
distributions from studies of the high-energy photo-



1862 I MHOI", EASTERDAY, AN D PEREZ —MENDEZ

ejection of neutrons and protons. They obtained 1/e
values of 9.0&2.0 Mev and 29.7&2.5 Mev for Li and
C respectively, indicating the same general trend among
the light nuclei as observed in this experiment.

Wilcox and Moyer" find by bombarding light nuclei
with 340-Mev protons and detecting two emerging
protons in coincidence, that the protons in beryllium
have a larger momentum than the protons in lithium.
Beryllium and boron were seen to be rather similar.

' J. M. Wilcox and B. J. Moyer, Phys. Rev. 99, 875 (1955).
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Cloud Chamber Investigation of Anomalous s' Particles*

J. A. K~vK, G. H. TRtLLtNo, t R. B. LEtoaroN, AND C. D. ANDERsoN

California Institute of Technology, Pasadena, California

(Received December 14, 1956)

Eighteen anomalous 0', (0', , ), decay events observed in the California Institute of Technology magnet
cloud chambers have been analyzed. Many of these decays are dynamically inconsistent with the r ~m-+

+x +~' scheme, but most are consistent with the decay processes: 0', —&~++7r +&, 7r++p++v, and
~++e++v. However, at least one event is inconsistent with each decay scheme. From the locations of the
decays in the cloud chamber, the lifetime is found to be significantly longer than that of the normal 8'
particle, called here the 0 2 particle. Other differences in the behavior of the 0', and 6l 2 particles were
also observed in the (a) momentum distributions, (b) origin locations, (c) relative numbers of 0'„, and
8' 2 particles traveling upward, and (d) the types of V particles produced in association with the 8, , and
0' 2. It is concluded that not all the 0', , decays can result from alternate decay modes of the 0' ~. Moreover,
many decays can be neither r' decays nor alternate decays of the 8' 2.

The characteristics of the 8'2 particle proposed by Gell-Mann and Pais are consistent with those of the
0", particle, with the possible exception of the observed types of associations. An estimate was made of the
relative number of 8', to 8 & particles observed to decay in the cloud chamber. If all 8, , decays are
assumed to arise from decays of the 8'2 particle, then a lower limit for the 8'& lifetime is found to be about
10 ' sec.

I. INTRODUCTION

ITHIN the past few years, several groups have

~ ~ ~

reported neutral V-particle decay events in-
compatible with either the A' or the 0' 2 decay'
schemes. ' ' The general characteristics of these events
which will be referred to as anomalous 0' decays
(0',„, ) are as follows:

2. The positive secondaries of most of the events are
observed to be lighter than a proton, and in no case is

* Assisted by the joint program of the OAice of Naval Research
and the U. S. Atomic Energy Commission.

t' Now at the Ecole Polytechnique, Paris, France.
'The term 0' 2 will be used to describe either the observed

sr++~ decay or the neutral K particle from which this decay
arises.

2 Van Lint, Anderson, Cowan, Leighton, and York, Phys. Rev.
94, 1732 (1954).' R. W. Thompson et at. , Phys. Rev. 90, 329 (1953); Huggett,
Burwell, and Thompson, Phys. Rev. 98, 248 (1955); Fourth
3nnual Rochester Conference on High-Energy Physics, 1954
(University of Rochester Press, Rochester, 1954).

4Arnold, Martin, and Wyld, Phys. Rev. 100, 1545 (1955);
Ballam, Grisaru, and Treiman, Phys. Rev. 101, 1438 (1956).

5 See Vol. 3 of Progress in Cosmic-Ray Physics (North Holland
Publishing Company, Amsterdam, 1956).

the mass of either secondary required to be greater
than that of a x meson.

2. The Q values calculated on the basis of sr++sr
secondaries are incompatible with the accepted 0"

&

Q-value of 214 Mev, ' and as a group are inconsistent
with any unique Q value.

3. For many of the events, particularly those having
the lowest Q values, the line of flight of the primary as
determined by the vector sum of the secondary
momenta does not pass through any of the visible
interactions above the cloud chamber.

The characteristics listed in the foregoing strongly
suggest that the 0',„, decays involve at least one neu-
tral secondary. A variety of decay schemes which have
been suggested to account for these observations will
be discussed later.

The events discussed in the present paper were
obtained with the California Institute of Technology
21-in. and 48-in. magnetic cloud chambers triggered
by cosmic-ray penetrating showers. The apparatus'

V. A. J. van Lint, Ph. D. thesis, California Institute of Tech-
nology. 1954 (unpublished).


