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In the bombardment of nuclei by 330-Mev x-rays, multiple gamma-rays are emitted. From their angular
correlation it is deduced that they are emitted in pairs in the disintegration of neutral particles moving with
relativistic velocities and therefore of intermediate mass. The neutral mesons are produced with cross sections
similar to those for the charged mesons and with an angular distribution peaked more in the forward direction. The production cross section in hydrogen and the production cross section per nucleon in C and Be are
comparable.
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I. INTRODUCTION

mesons which are coupled strongly to
nuclei must be expected to be unstable against
decay into two or more gamma-rays. The modes of
decay, and expected lifetimes, have been discussed
extensively. ' These gamma-rays are then supposed to
be responsible for the soft showers which often accompany energetic cosmic-ray nuclear events. The
evidence in favor of the existence of the neutral meson
has recently been greatly strengthened
by the discovery at Berkeley' of gamma-rays which behave in
all ways as if they were due to the disintegration of a
neutral meson. They are produced by proton bombardment of various nuclei and have a production cross
section which depends on proton energy much like that
of charged mesons. Their energy is approximately 70
Mev on the average, half that of the charged ~-meson,
and the energy spread is in agreement with the Doppler
shift due to the velocity of the parent mesons. The
lifetime of the mesons is less than 10 "sec., which is in
agreement with the theoretical expectations.
The evidence is therefore already much in favor of
the existence of a gamma-unstable
neutral meson.
However, until now, coincidences between the two
gamma-rays have never been observed. We report here
the detection of such coincidences, produced by the
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* This work was performed under the auspices of the AEC.
Proc. Phys. Math. Soc. Japan 24, 610 (1940).
Phys. Rev. 72, 414 (1947). H. Fukuda and Y.
Miamoto, Prog. Theor. Phys. 4, 347 (1949). Ozaki, Oneda, and

bombardment of various nuclei in the x-ray beam of the
Berkeley synchrotron. This must be regarded as strong
additional evidence supporting the existence of the
neutral meson.

II. EXPERIMENTAL ARRANGEMENT
The apparatus is sketched in Fig. 1. The synchrotron
x-ray beam of 330-Mev maximum energy is collimated
in two successive collimators. The second collimator
serves only to intercept some of the electrons produced
at the edge of the first collimator. The beam then
strikes a target, which, for most of the experiment, is a
cylinder of beryllium, 1-, inches long and 2 inches in
diameter. The particles produced in the target are
detected in two telescopes, each consisting of three
scintillation counters. A converter, usually 4 inch of
lead, is inserted between the two crystals nearest the
target in each telescope. An event is recorded if simultaneous (resolving time 10 ' sec. ) pulses are recorded
in the outer four crystals, but none in the two near the
target. That is, we require that there be two particles,
one in each telescope, neutral at first which are coverted into charged particles by the lead, and which
penetrate one crystal and enter the next. With a beam
intensity of about 10" Mevimin. the counting rate for
such coincidences at favorable orientations of the telescopes is about 10 counts/min.

' Y. Tanikawa,
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III.
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NATURE OF THE COINCIDENCES

us first describe the experiments

which identify

Sasaki, Prog. Theor. Phys. 4, 524 (1949). J. Steinberger, Phys. Rev.
the particles as g*mma-rays, indicate their energy and
76, 1180 {1949}.C. N. Yang, Phys. Rev. 77, 243 (1950).
'The implications of the gamma-decay of neutral mesons for show that their origin is the nuclear rather than the
the soft component in the cosmic radiation were pointed out by
Coulomb field. In Table we list the relative detection
J. R. Oppenheimer (Phys. Rev. 71, 462 (T) (1947). It was assumed
(hat' in high energy nuclear events neutral mesons are emitted
with multiplicities
similar to those for charged mesons. The
neutral mesons decay into photons and account for the early
development of extensive showers, as well as the large total
amount of soft radiation. These bursts of soft radiation accompanying energetic nuclear events were then actually observed in
the cloud chamber by W. Fretter, Phys. Rev. 73, 41 (1948), 76,
511 (1949); C. Y. Chao, Phys. Rev, 75, 581 (1949); Gregory,
Rossi, and Tinlot, Phys. Rev. 77, 299 (1949);and J. Green, Thesis,
University of California, 1950. They were found in photographic
qd
plates by Kaplan, Peters, and Bradt, Phys. Rev. 76, 1735 (1949}.
~SCINTILLATION COUNTERS
"
Both the cloud-chamber pictures and the photographic star show
2. x 2" x&lq
that the showers begin with gamma-rays rather than electrons.
Be TARQET~
14 Pb CONVERTER
38jorklund, Crandall, Moyer, and York, Phys. Rev. 77, 213
(1950).
Frc. 1. Experimental arrangement,
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for various converter materials and thicknesses. Without converters the counting rate is almost
zero, then increases as the converter thickness in each
' inch of lead, and only slightly
arm is increased to —,
from 4 inch to ~ inch. This is as expected from shower
' inch
theory for about 100-Mev photons. Copper of —,
thickness has approximately
the same conversion
efhciency as has —,6 inch of lead, again in agreement with
shower theory, since the number of shower units is the
same for these thicknesses.
The coincidences are attenuated by a factor of four
when 4 inch of lead is inserted between the target and
the anticoincidence crystals. This again is as expected
for photons. Furthermore, it can be seen from Table I
that both telescopes require converters, so that both
particles must be photons.
To measure the energy of the conversion electrons,
ajuminum absorbers were inserted between the last two
at
crystals of one of the telescopes. Unfortunately,
these energies the radiation losses are important, and
therefore the straggling large. We have plotted in Fig. 2
the coincidence counting rate as a function of the
average energy required to traverse the telescope.
Because the photons originate in moving mesons, the
average gamma-ray energy is expected to be approximately 100 Mev, and the average electron energy 50
Mev, quite in agreement with the observed attenuation.
The nuclear origin of the photons is demonstrated
by the fact that the cross section for these coincidences
is only six times as big for a lead nucleus as for beryllium, which is less than the ratio of the nuclear areas.
On the other hand, ordinary shower cross sections
increase by a factor of 400.
Finally, we have looked for coincidences with the
beam energy reduced to about 175 Mev with angles 0.
and P of the telescope both 90'. The cross section per Q
(the number Q for a bremsstrahlung beam is equal to
the total energy divided by the maximum energy of
the spectrum) is at least 50 times smaller here than at
330 Mev. This steep excitation function is also observed
for charged meson production.
We believe, therefore, that it is demonstrated that the
observed coincidences are caused by gamma-rays of
about 100-Mev average energy, of non-Coulombic
origin, and with a threshold similar to that for charged
mesons.
efTiciency
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detection efFiciency as a function of absorber
material and thickness.
Relative counting rate

Converter in
telescope 2

Converter in
telescope 1

none
gg-ln. Pb

a =p 90o

0.01&0.005
0.17+0.013
0.3 &0.02
0.67 +0.08
1.00+0.06
0.39a0.03
0.15+0.05
0.62 +0.07
1.07+0.1

none

', -in. Ph

—,

'6-in. Pb

—,

'-in. Pb
'-in. Ph

'-in. Ph
'-in. Ph
'-in. Cu
—,
—,

—,

—,

—,

4-in. Cu
none
', -in. Pb
—,
~-in. Ph

4'-in. Ph

,'--in.

4-1D.

Pb
Ph

'-in. Pb
—,
0.28+0.05
Pb absorbers placed in front of both telescopes.

'--in. Ph

—,

,'--in.

mesons, because of the motion of the decaying mesons.
A meson at rest decaying into two gamma-rays, emits
them in opposite direction. But when this is seen from
a system in which the meson has a total energy E, then
the included angle P varies between s and 2 sin '(1(E)
with a probability which favors the small angles tremendously. The median angle is 2 sin '[2/(3E+1)lj.
E is the total meson energy in units of its rest energy.
For 70-Mev mesons the minimum angle of P is 84'
and the median angle 92'. Since the distribution is so
heavily peaked, not much error is introduced if one
assumes, as is done in the following, that to an angle P
corresponds a unique energy, that of the median angle.
Therefore a measurement of the distribution in P is a
measure of the distribution in energy of the neutral
mesons, although the angular resolution of our telescopes is insufFicient to give more than a glimpse of the
energy distribution. We have included in Fig. 3 curves
in which the observed4 energy distributions of the ~+meson made by the same x-rays on hydrogen are transnorformed into distributions
in P and arbitrarily
malized. All corrections due to scattering and angular
resolution are omitted. The general shape of the curves
is certainly well reproduced by the experiment. It is
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IV. ANGULAR CORRELATION AND DISTRIBUTION
OF THE GAMMA-RAYS

To study further the properties of these coincidences,
their rate as a function of the angle,
a, between the beam direction and the plane of the
telescopes and of the correlation angle P (see Fig. 1).
Consider first the variation with P at a fixed u, say 90'.
180 coincidences are rare. The counting rate increases
with decreasing P to a maximum at 90', and then drops
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we have measured

This behavior must actually be expected of
gamma, -ra, ys which are the decay products of neutral
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FIG. 2. Absorption

of conversion electrons in aluminum.
energy inclucles the average radiat. ion loss.
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therefore clear that if the gamma-rays are the decay
product of intermediate particles, these particles must
move with velocities of the order of v/'c 0.8. Excited
nucleons of this velocity cannot be produced by x-rays
of 330 Mev; the particles must therefore have an
intermediate mass. Furthermore, it is possible to see
that the decay must be into only 2 photons, since the
expected angular distributions for a decay into more
than two photons wouM not show a valley for small
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angles P.
The distribution in the angle a of the beam with the
plane of the telescope shown in Fig. 4, is interesting
chiefly because of the difference between this distribution and the angular distribution of ~+-photo-mesons'
from either carbon or hydrogen targets. This is not
particularly surprising, since various theories also give
quite diferent results for charged and neutral mesons.
V. HYDROGEN CROSS SECTION AND TOTAL
CROSS SECTION

At one setting of the telescopic angles,

a=P=90',

we have compared the cross sections of hydrogen and
carbon. This was done by comparing the count from
l
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a polyethylene (CH2) block and a perforated carbon
block of the same size and carbon content as the CH2.
The result is: oH 0/oc o —0.12&0.03. This again differs
from the results for positive mesons, where (rH +/crc +
0.55. The diGerence is probably in part caused by
the fact that both neutrons and protons can contribute
to neutral meson production, but only protons to a+production. In part, it may also be possible to ascribe
this to the same phenomenon which, according to Chew,
ratio for
is responsible for the large hydrogen-carbon
the positive mesons. In the case of sr+-production, the
reaction is inhibited by the fact that, when the proton
is changed into a neutron, there is an oversupply of
and the
neutrons in the immediate
neighborhood
number of states available to it is small because of the
Pauli principle. This is not significant in the neutral
case because the nucleon's charge does not change.
The curves in Fig. 3 can be integrated to yield a total
cross section for beryllium. Os, = 7 SX10 28 cm2 per Q,
while for carbon and hydrogen, assuming the same
angular distribution, O.c, —10&(10 and OH —1.3X10
cm' per Q. The absolute x-ray intensity is known' to
about 10 percent, but the eKciency of the detecting
system only to within a factor of two, so that there is
a corresponding error in the above cross sections. The
hydrogen cross section is approximately the same as
those for carbon and beryllium
that for x+-production
are somewhat higher. '
One might assume that the charge of the meson
would play an important role in the production of
mesons in the electromagnetic field of the photon. This
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BETWEEN THE TWO ARMS OF TKE TELESCOPE

FIG. 3. Variation of coincidence rate with the included angle P
between the two arms of the telescope. The curves are those
expected on the assumption that the gamma-rays are the decay
products of a neutral meson, emitted with the same energy distribution as are 7r+-mesons from hydrogen. The curves are arbitrarily normalized for each angle a.
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and A. S. Bishop, Phys. Rev. 78, 493 (1950).
communication).
Blocker, Kenney, and Panofsky {to be published).
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is contradicted by the observed angular distribution of
x+-mesons produced by photons in H~. The angular
distribution indicates that the principal process responsible for charged meson production is the interaction of
the photon with the spin of the nucleon. If the neutral
meson has the same transformation properties as the
charged, it then appears plausible that the production
cross sections in hydrogen should be comparable, as
seems to be the case. However, actual calculations on
the basis of pseudoscalar theory, both in the classical
and in the perturbation theory approximation, which
for the ~+give a reasonable angular distribution
production, give smaller values for neutral meson production. %hether or not this is a new difFiculty in a
theory which already has several, is not clear. From a
less restricted point of view it is not a surprising result.
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Fro. 4. Variation with the angle u between the plane of the
telescope and the beam. Each point represents an integral over
the angle P.

VI. SUMMARY

In the bombardment
x-rays,

photons

with

of various nuclei by 330-Mev
the following properties are

emitted:
(1) At least two are emitted in coincidence.
(2) They each have an average energy of about 100 Mev.
(3) The Z dependence of the production indicates that they
have their origin in a nuclear interaction, and not in the Coulomb
Geld.

(4) The threshold for their production is at least 150 Mev.
(5) The angular correlation of the photons shows that they are
emitted in pairs as the only decay products of particles moving
with velocities of the order of vlcc=0. 8, and therefore of intermediate mass.
(6) The total cross section for production from hydrogen is
about the same as that for production of ~+-mesons; other light
nuclei cross sections are somewhat higher than those for the
positive mesons.

It is clear from these properties that the gamma-rays
',
are the decay products of neutral mesons. Since spin —,

and spin j. mesons are forbidden to decay into two
photons, ' the spin must be zero, excluding the possibility of very high intrinsic angular momenta. It seems
reasonable, and it is in good agreement with all observations, to assume that both charged and neutral
mesoris are of the same type. It then follows from the
angular distribution of the x-ray produced ~+-mesons,
and the high cross sections for making neutral mesons
by x-rays, that the ~-meson is a pseudoscalar. This
remark applies, of course, only to the character of the
meson, and not to any particular held theory for the
interaction of mesons with nucleons.
All phases of this experiment have been discussed
with Professor Edwin McMillan and his advice has
been of great help. The bombardments were carried out
by the synchrotron crew under the direction of %.
Gibbons.

