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HE NATURE OF THE FORCES that hold
the protons and neutrons of an atomie nucleus
together has interested physicists for many
years. Clearly, these forees are not the same
as the electrostatic forces which are ordinarily demon-
strated with pith balls. Electrostatic theory would
say that since protons are positively charged they
should all repel one another and the nucleus should
fly apart. Aectually, of course, the protons and neu-
trons are so tightly bound together in the nucleus that
it takes millions of electron volts of energy to knock
one out. The exact nature of the nuclear foree is not
at all well understood ; however, an attack on the prob-
lem has been made on the basis of the meson theory
of nuclear foreces as proposed by Yukawa (33) in
1935. According to this theory, each proton and neu-
tron is accompanied by a “meson cloud.” The mesons
are thought of as being something like the quanta of
an electromagnetic field, except that mesons may carry
a charge and they have a finite rest mass. Nuclear
forces are not explained in terms of “action at a dis-
tance” but rather by the interaction of protons and
neutrons with the meson cloud.
Under some conditions it is possible to dislodge a
_meson from a nucleus and study it as an independent
particle. Mesons as components of cosmic rays are
produced when high energy particles strike atomic
nuclei in the atmosphere. In the process of creating
a meson, the incident particle loses a quantity of
energy in the kinetic form; this quantity then reap-
pears in the form of the rest mass energy of the
meson. Mesons are produced in the same manner in
the cyclotron—by bombarding a target with protons,
alpha particles, or neutrons. The mesons from the
synchrotron are produced when high energy x-rays
strike a target. The main processes of production
and decay of mesons were discovered in cosmie ray
experiments,® but contributions are now beginning to
come from experiments on mesons produced by cy'clo—

1The work described in this paper was done under the
auspices of the Atomic Energy Commission.

2 Office of Naval Research, San Francisco.

3 I'or references to original papers see ‘“Guide to Literature
of Elementary Particle Physics” (31). For review of both
cosmic ray and -artificially produced mesons, see “Mesons Old
and New” (16).

-

trons and synchrotrons. In this paper we shall de-
seribe some of the methods used for detecting mesons,
and some results obtained with high energy protons
from the 184-inch Berkeley cyclotron.*

Two kinds of mesons, ® and w, have been positively
identified and studied extensively. Both are unstable
particles with masses intermediate between the elec-
tron mass and the proton mass. They are ordinarily
studied with the same apparatus, and they frequently
oceur together in the same experiment. But in spite
of these similarities, they are really very different
types of particles. The most striking difference is
that & mesons have a strong interaction with nuclei,
whereas p mesons have a weak interaction. According
to present ideas, the @’s are primary particles which
are produced in nueclear collisions, either in cosmie
rays or in accelerators. Probably all of the ws ob-
served in cyclotron experiments are secondary in
origin, arising from the decay of the #’s. Thus it is
probable that it is the & mesons which are responsible
for nuclear forees. There are both positively and
negatively charged m mesons. Possibly there are also
neutral & mesons (4, 15, 19), although we shall not
discuss them in this paper.

When s+ and 7~ mesons decay in free space they
give rise to u* and w- mesons, respectively. This
process, known as w-pu decay, will be discussed in a
later section. When a u* or u- decays in free space,
it gives off a positron or an electron. The positron
and electron energies indicate that in each w disinte-
gration two neutrinos are also given off (18). If n-
mesons come to rest in matter, they enter nueclei and
disappear, their rest energy being transformed into
nuclear excitation energy. This phenomenon is ob-
served in photographic emulsion “stars” which oceur
at the ends of n- meson tracks. The prongs of the
stars are attributed to charged particles ejected from
excited nuclei. The pu- mesons seldom, if ever, make
these stars (9). Low velocity @+ and u* mesons are
prevented by electrostatic forces from entering nuclei.
Thus when these positively charged mesons come to
rest in matter, they decay in the same way in which
they decay in free space.

¢For recent experiments with mesons produced ,by the
synchrotron, see (22).
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DerEcTING MESONS PRODUCED BY THE CYCLOTRON

The problem of detecting mesons produced by the
cyclotron is one of finding a few mesons produced
along with a great many more protons and other heavy
particles. 'When mesons are produced by bombard-
ing a target with 345-Mev protons, these “background”
particles are a thousand times as numerous as the
mesons. Two types of detectors well suited to this
kind of problem are cloud chambers and photographie
plates. With both of these devices, charged particles
are studied by means of their tracks. If the back-
ground of unwanted tracks is high, one may have to
look at large numbers.of extraneous tracks before
finding a track of the particle of interest; however,

PROTON

Fic. 1.

Upper : Photomicrograph showing track of o~ me son.

Although the use of photographic plates as charged
particle detectors has a long history,® the special
plates now used so extensively have been produced
only during the past three or four years. Some of
these plates are made by the workers who use them
(10) ; however, most laboratories buy their plates from
manufacturers. The Ilford Nuclear Research Plates
were announced (25) in 1946, and since that time
new types of plates have appeared at frequent inter-
vals. Similar plates, called Nuclear Track Plates, are
produced by the Eastman Kodak Company, and by
Kodak Limited. These special plates used for detect-
ing charged particles have a higher concentration of
silver bromide than ordinary photographie plates, and

I00 MICRONS

This mesgon came to rest in the emulsion and initiated a

four-pronged star. Lower: Track of proton for comparison. Ilford C.2 emulsion. (Photomicrograph by A. J. Oliver.)

once the track is found, measurements made on it are
not affected much by the presence of the other tracks.
Mesons produced by the cyclotron have been detected
by means of photographic plates (12) and also with
the cloud chamber (13). Up to the present time,
most of the work with mesons produced by the cyelo-
tron has been done with photographiec plates. This
is due in part at least to the fact that the early work
was done inside the eyclotron, where operation of the
cloud chamber is extremely difficult. Recently, L. W.
Alvarez and his associates (2, 30) have devised a
method of detecting positive mesons from the cyelo-
tron by means of scintillation counters. This offers a
great saving in time and effort, and it is probable
that counters will replace photographic plates for
many meson studies.

the emulsion is thicker. If a charged particle passes
through the emulsion it leaves a trail of developable
grains of silver bromide. When the plate is developed
and viewed under the microscope, one sees a track of
silver grains whiech shows the path of the charged
particle. The silver grains have a diameter of 0.2-0.4
microns, and the track is viewed under the microscope

-with a magnification of from 100 x to 2000 x, depend-

ing on the problem at hand.

One of the advantages of the photographie plate
method of detecting charged particles is that plates
are available with almost any sensitivity one wishes.
Thus, for the study of heavily ionizing particles like

5 For early use of photographic plates in cosmic ray studies.

see reference 5. TFor review of use of photographic plates,
see references 26, 28, 32.
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low energy alpha particles or fission fragments, there
are plates which are so insensitive that they will
register only heavily ionizing particles, and the ob-
server does not have to look at tracks of electrons
or other lightly ionizing particles. On the other end
of the sensitivity scale, there are plates which will
register tracks of even the most lightly ionizing par-
ticles. For a quick identification of meson tracks,
one uses plates like Ilford C.2 plates, which have a
sensitivity such that a meson track shows a change
in grain density in the last few hundred microns of
the meson’s range. This gives the meson track a char-
acteristic appearance, and one can pick out the tracks
by inspection. Meson tracks are further identified
by a wandering, associated with small-angle scatter-
ing. This grain density change and wandering are
illustrated by the meson track shown in Fig. 1. A
proton track is shown for comparison. The proton
track shows some seattering, but not as much as the
meson track; also, the proton track has only a small
rate of change of grain density. The 7~ meson whose
track is shown in the figure was moving from left to
right. After it slowed down and stopped in the emul-
sion it entered a nucleus and gave up its rest energy
to nuclear excitation energy. The excited nucleus then
ejected four ionizing particles, which made the four
tracks shown. Events of this type are called “stars.”

The search for these meson tracks is rather time-con-
suming, and every effort is made to expose the plates
in such a way that the ratio of meson tracks to back-
ground tracks will be as high as possible. Two of the
arrangements which have been used for exposing
photographic plates to mesons are shown in Figs. 2
and 3. The photographiec plates shown in these fig-
ures are placed in position in black paper wrapping,
or left unwrapped with the cyclotron enclosure dark-
ened. As indicated in these figures, the mesons are
formed when the circulating beam of 345-Mev protons
strikes a target inside the cyclotron. Fig. 2 shows
one arrangement for detecting m®~ mesons. Those s~
mesons which leave the target in the forward beam
direction are deflected by the magnetic field away from
the region occupied by the circulating beam of high
energy protons. Protons and heavier nuclear frag-
ments produced at the target in the forward direction
are deflected toward the center of the cyclotron be-
cause of their opposite charge, and they do not strike
the photographic plate. Neutrons from the target and
from other parts of the cyclotron collide with nueclei
in the emulsion and produce a background of protons,
alpha particles, and other nuclear fragments on the
plate. The best exposures made so far have given a
ratio of meson tracks to background tracks of about
1 to 50. The plates are tilted so that mesons from

the target enter through the top surface of the emul-
sion, their trajectories making an angle of about 5°
with the plane of the emulsion. A 10-second exposure
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Fia. 2. Sketch of cyclotron showing arrangement for
detecting 7~ mesons. (Not to scale.)

gives about 1000 &~ meson tracks on one photographic
plate of dimensions 1 inch by 3 inches.

One method used for detecting 7+ mesons is shown
in Fig. 3. The arrangement is similar to that used for
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Fi1e. 3. Sketech of cyclotron showing arrangements for
detecting 7+ mesons. (Not to scale.)

@~ mesons except that &+ mesons which leavé the target
in a direction opposite to beam direction are recorded.
It is true that protons and other positively charged
particles from the target can follow the same trajec-
tories as the m* mesons; however, the heavy particles
which follow these trajectories have such a low energy
and correspondingly short range that they do not
interfere much with the study of the mesons.
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MesoN MASS MEASUREMENTS

A program is now in progress in this laboratory to
measure the masses of ® and p mesons. The system
we are using is similar to that developed by Brode (7)
and others in connection with mass measurements of
cosmic ray mesons. By using the apparatus shown in. .
Figs. 2 and 3 we are able to measure the momentum
and range of a meson, and the determination of these
two quantities is sufficient to define the mass of the
meson. If the magnetic field were uniform, the tra-
jectory would be a part of a circle, and the momentum
could be found from the magnetic field intensity and
the radius of curvature of the meson trajectory. The
radius of curvature of the trajectory could be found
from the position of the target, the position at which
the meson strikes the photographic plate, and the
angle the track makes with the edge of the plate:
Actually, the magnetic field of the 184-inch cyclotron
decreases slightly with increasing radius, so that the
meson trajéetory is not éxactly a circle. For this
case, the momentum must be found by a caleculation
which takes account of the field variation (8). The
range of the meson in emulsion is found by measuring
the track length under the microscope.

The equation which makes use of the momentum
measurement is an exact relationship for a charged
particle moving in a magnetic field.

)= ” (Bo)? (1)

2mé- 2me?

E < 1+
where
E =Kkinetic energy of meson (ergs)
m =rest mass of meson (grams)
e=charge of meson, assumed to be equal to the
charge of the electron (esu)
¢ =velocity of light (em sec?)
B =magnetic induction (gauss)
¢ =radius of curvature of trajectory (em).

MESON

The equation whi¢h usés the range measureément is an
empirical relationship which has been found (6) to
give a good representation of range-energy values in
the energy region in which we are working.

E=km" R (2)
where
E =Kkinetic energy of meson (Mev)
m =rest mass of meson (in units of the proton bl |
mass) SRR | 100
com= i . i et L MICRONS
k,n = constants determined empirically, numerical
values (16) : k=0.250; » =0.581.

Fic. 4. Photomicrograph showing track of =+ meson
which slowed down and stopped in the emulsion and then
decayed to give u* meson. The ut+ meson subsequently slows
down and stops in emulsion. The pu+ meson track has the

characteristic length of about-600 microns. Ilford C.2 emul-
sion. (Photomicrograph by A. J. Oliver.)
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By combining equations (1) and (2) it is possible to
eliminate E and solve for m, the mass of the meson.
In this method of measuring meson masses, we make
use of the faet that the meson trajectories start at the
target. Thus the method is applicable to the measure-
ment of masses of 7+ and 7~ mesons, since these mesons
are formed at the target. The " mesons which come
to rest in the target decay to give u+ mesons; thus the
target is a source of u* mesons which can be used for
measuring the u* mass. When 7 mesons come to rest
in the target they are captured by nueclei; thus the
target is not a source of u- mesons and our method
is not applicable to the measurement of the u- mass.
‘We find no difference between the masses of w* and
7~ mesons, to the accuracy with which we have made

the measurements. Preliminary mass values are (29)

my = (276 £ 6) m,
m,, = (210 £4) m,

where m, is the mass of the electron. These values
were found by applying equations (1) and (2) as
described above. A new measurement is now in prog-
ress in which meson masses are found by comparison
with the proton mass. It is thought that this method
will give more accurate values; however, no results
from this new measurement are yet available.

n-w DECAY

One of the most interesting facts connected with the
meson decay process is that all u+ mesons coming from
the decay of st mesons at rest seem to have the same
energy, ebout 4 Mev. This was first found in ex-
periments with cosmic rays (17) and was later veri-
fied in cyclotron experiments (8). When n+ meson
tracks arz observed to end in Ilford C.2 plates, or
plates of greater sensitivity, it is found that a p+
meson begins at the point at which the n* track ends.
If the w* meson remains in the emulsion for its entire
range, the track always has a length of about 600
microns, except for some variation attributed to strag-
gling, l.e., variation due to the statistical nature of the
energy loss progess. It is seen from equation (2)
that this range corresponds to an energy of about 4
M:w. An example of a n-p decay as recorded in
Iiford C.2 emulsion is shown in Fig. 4.

The fact that u mesons from n-u decay always have
the same kinetic energy is a very strong indication
that one and only one other particle is given off in
the disintegration. This other particle does not leave
an ohszrvable track, even in the most sensitive emul-
sion, so that it is thought to be an electrically neutral
particle. From the mass values given in the preced-
ing section, it is seen that the w meson is about 66
electron masses lighter than the @ meson. This mass

difference is equivalent to about 34 Mev of energy,
of which 4 Mev is accounted for as kinetic energy of
the u meson. It is assumed that the neutral particle
carries off the remaining 30 Mev of energy, and enough
momentum to balance that received by the p meson.
Calculations show that these conditions are satisfied if
the neutral particle has zero rest mass.

THE LIFETIME OF THE & MESON

The lifetime of the m meson is so short that some
of the mesons undergo n-w decay before they reach the
position of the plates shown in Figs. 2 and 3. If
the mesons were not intercepted by the plates but were
allowed to continue in approximately circular orbits,
they would make, on the average, only about two revo-
lutions before they decayed. Richardson (27) and
Martinelli and Panofsky (21) have made measure-
ments of the x meson lifetime by observing how many
mesons disappear from a group of mesons in the time
required for the group to travel through one revolu-
tion. The schematic diagram of the arrangement is
shown in Fig. 5. One group of mesons, 4, spirals

PHOTOGRAPHIC PLATES

Fic. 5. Sketch of target and plates showing one group’of
mesons, 4, which travels through one half-revolution and
another group, B, which travels through one and one-half
revolutions. (Not to scale.)

upward and strikes the top photographic plate after
traveling one half-revolution. A second group, B,
spirals downward and travels for one and one-half
revolutions before striking the bottom plate. Suit-
able shielding (not shown) prevents mesons from
reaching the plates by any paths other than the ones
shown. Numbers of mesons striking the two plates
are found by counting meson tracks after the plates
are developed. After appropriate geometrical correc-
tions are made, the lifetime of the mesons is found
from the number lost from Group B in the time re-
quired to travel the extra revolution.

Richardson (27) worked with n~ mesons and ob-
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. +.31
tained a value of | 1.11— 55 ) % 10-2 sec for the mean
life. Martinelli and Panofsky (21), working with s+

mesons, found a mean life of (1.97 %) x 10-% sec.
The values given are not in agreement within the
errors quoted; however, this discrepancy is not inter-
preted as proving that the mean life of the =~ meson
is really different from that of the s+ meson.

The mean life of the u meson, as found in cosmic
ray experiments, is larger than that of the & meson
by a factor of about a hundred. The value of the
mean life of the w* meson is given by Nereson and
Rossi (23) as (2.15%0.07) x10-8 sec.

STarRS INITIATED BY 7~ MESONS

The photographic emulsion stars initiated by -
mesons exhibit a wide variation. They differ in the
number of prongs per star, in the orientation.of the
prongs, and in the types and energies of the particles
making the prongs. The prong-number distribution
has attracted interest as an aid in the study of the
mechanism by which the m- meson gives up its rest
energy to a nucleus (11, 20, 24), and as a method of
finding out how many - meson tracks are present in
a mixture of tracks which includes some p meson
tracks. As shown in the prong distribution table
which follows shortly, some of the - meson tracks are
not aceompanied by stars, and there is no simple way
to distinguish these tracks from tracks of m mesons.
If the prong-number distribution is known, however,
the number of star-forming mesons can be counted,
and the appropriate number added for those which
do not make stars. This method has been used by
MecMillan, Peterson, and White (22) to find the ratio
of @~ to m* mesons produced by x-rays from the 335-
Mev Berkeley synchrotron.

‘In order to find the prong-number distribution of
stars initiated by @~ mesons, it is important to have
a group of 7~ mesons free from contamination of other
types of mesons. With the apparatus arranged as
shown in Fig. 2, only mesons with a negative charge
can reach the photographic plate. In addition to the
- mesons, however, there will be some p~ mesons
which come from the decay-in-flight of the 7~ raesons.
By applying the method we have deseribed, one can
make a mass measurement for each individual meson.
The measured masses of the n~ mesons will form a
group whose average value is approximately 276 elec-

tron masses, but the u- mesons will not, in general,
have ranges and momenta such that they could be
confused with this group. Prong-number distribution
studies can be done with the same mesons used for
mass measurements.

The prong-number distribution as found from 512
stars initiated by s~ mesons is given by Adelman and
Jones (1) as follows:

Number of prongs
(includes recoils)

Percent of stars having
this number of prongs

0 28.8
1 21.5
2 27.0
3 15.2
4 7.8
5 1.8

6 or more None found in this study

YiELD oF © MESONS AS A FuNcorion or BOMBARDING
ENERGY

The number of mesons produced by bombarding a
target with protons increases rapidly as the proton
energy is inereased. A convenient method for study-
ing this effect is to move the target and plate shown
in Figs. 2 and 3 to different radii in the eyclotron.
In this way one can observe the yield of mesons as a
function of proton energy from energies as small as
desired up to 345 Mev, the maximum proton energy
available from the cyclotron. If a earbon targetf is
used, the integrated beam current can be obtained by
observing the positron activity of the C!! formed in
the C12(p,pn) C* reaction. The relative meson yields
at the various energies are found by counting meson
tracks on the photographic plates. Appropriate cor-
rections are made for integrated beam currents and
relative volumes of emulsions scanned.

So far, meson yields have been measured only for
mesons of energy 2-10 Mev. In a study by Jones
and White (14) the relative yields were measured for
7~ mesons produced by bombarding a 1/32-inch carbon

target with protons. Their results are as follows:
Proton energy
(Mev): 345 305 270 235 200 165
Relative
yield: 100% 47% 229 8% 1% 0%

These results are of interest to workers planning the
construction of accelerators which might be used for
meson studies.

This is the first of two papers on the subject of mesons produced by the

cyclotron.

The second paper, by Chaim Richman and Howard Wilcox,

describing experiments with mesons produced outside the cyclotron by the
deflected proton beam, will be published in a later issue of Secience.
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The Cooperative Committee for the Teaching of Science:’

A Report to the AAAS Council, December, 1949

K. Lark-Horovitz
Purdue University, Lafayette, Indiana

SMALL DELIBERATIVE COMMITTEE
was set up in 1941, sponsored by five sci-
entific societies representing biology, chem-
istry, mathematies, physies, and research
in science teaching,? to consider problems of science in
general education that no single organization can
solve alone. The committee is known as the Coopera-
tive Committee on Science Teaching. Most of its
original members were members of college or univer-
sity faculties, and their affiliations were with learned
societies. In general, the committee represented the
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members working on the secondary school level, but
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