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ABSTRACT

In a se¢t of about 23, UUU cloud chamber photographs, 37
VZ-particles and 9 charged V-particles were produced in auclear
interactions in a lead plaie between two cloud chambers in a magaziic
field. An analysis of the circumstances of occurrence of V-pariicles
strongly indicates that the V-partlicles were produced principally by
mesons. FProduction of VP-particles by nucleons is also indicated.

By & siudy of the multiplicity of the stars containing V“-particles, the
average wmomenturm of the particles produ;:inb VP-particles is found by
several methods to be about 10 Bev/c. At present it appears that all
VC-particles were produced by particles having momenta in excess of
about 2 Bev/c. It is found that the V2-particle is produced in ihe
center-of-mass systern with about 400 Mev/¢ momentum.

In order that the cross-section for VY- article production be
checked, an interaction length for penetrating shower particles is
found to be 340 % 40 gr/cx’nz, and is a value that is consistent with the
results obtained in other cloud chamber experiments. About one in
twenty interactions by penetrating-shower particles whose momenta
are in excess of 1 Bev/c results in a VO-particle being produced. About
2 percent of all of the shower particles produced in penetrating-shower

particle interactions are VP-particles.



A measurement which might indicate a high angular momenturn
in the V”-particle is obtained for each VP-particle produced in the lead
plate. The besl examples are recalculated, There is a weak indication

that the V®-particle has a high angular momenturn.
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1. INTRODUCTION

Recent cosmic-ray observations have established the existence
of a number of new unstable particles., Correlating the Greek alphabet
with the masses of sub-nuclear particles has bezzn nearly rampant.

The V-particles, first reported in l‘}/«i?’(“, difier from the other new
particles in at least two respects. The name V-particles describes
the characteristic angular appearance of the decays. High energy inter-
actions of cosmic-ray particles with nuclei produce both charged and
neutral V-particles. Cloud chambers have been the priacipal instru-
rnents for V-particle detection. Since valy charged particles produce
visible tracks in a cloud chamber, the neutral V-particles are not
detected until they decay into charged particles. The observed neut'ral
V-particle decays have resulted in iwo oppositely charged particles,
which in many instances have been identified as protons (positive) and
7C-mesons (negative). Neutral V-particles having such a decay
scherme are designated Vlo-par‘ticles. Some neutral V-particle decays
have been observed in which the positive particles are not protons,

but not much information on these particles is available., In the
subsequent material in this paper, the subdivision of the neutral

V-particles will not be employed but they will be collectively called



V®-particles, Examples of VP-particle decays are given in Figures
2, 3, and 4.

The V¥.-particles have been the subject of extensive investi-
gations, while very little is definitely kaown regarding the charged
V-particles., Unstable charged particles, positive and nezative, do
exist and ave heavier then the unstable Tl-mescus (276 mi ). However,
the existence -of charged V-particles comparable to the neutral
V-particles in mass and lifetime has not been established with certainty.
Indeed, the articles regarding charged V-particles should be viewed
with some caution since much of the information was obtained before
the K-mesons were reporied, Unstable pariicies, positive and negative,
with muasses about 1250 m, and having relatively long lifetimes, have
been ()bserved(‘z). The examples of charged "Voparticles" referred
to in the subsequent pages are tacitly assumed to be V-particles.
Although the charged V-particle decays were not completely analyzed,
in no particular case could the decay be readily identified as that of a
K -meson. The large number of charged particles decaying in the
neighborhood of their origin, indicates the existence of a shorter lived
particle than the K-meson. Examples of charged V-particle decays
are given in Figures b and 6.

In 23, 000 successive cloud chamber photogra;;hs, 134

examples of the VO-particle decay and 18 examples of the charged
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V-particle decay were obtained. In these examples, the Q-values for
the VY-particle decays and some of the other properties of the V-
particles have been 1’1’1€asured(3). Confining the analysis to these same
exaimples, the aim of the present paper is to further these investiga-
tions by preseanting the information obtained in regard to the aaturs

and circurnstances of V-particle production.



II. APPARATUS

The data for this paper was obtained in a double cloud
chamber. The two cloud chambers were arranged, one above the
other, as shown in Figure 1. A 2.5 cm lead plate occupied the space
between the two c]x:;u’d chambers. The lead plate was the site of many
of the analyzable inieractions. Lead absorbers above the cloud
chambers shielded them from low energy particles and provided material
for high energy interactions. The pole structure, yoke and magnet
windings provided additicnal absorber. but are omitted from Figure 1.
The cloud chambers were between the poles of a magnet normally
operated at an induction of 5000 gauss. The cloud chambers were
enclosed in a copper lined, insulated box, thermostatted to approxi-
mately £0.1° C, to reduce cloud chamber distortions. Stereoscopic
photographs were taken from the front of the two cloud chambers using
side illumination. About two-thirds of the data was taken at an eleva-
tion of 220 m and the remainder at 1750 m,

Two trays consisting of six counters each were located above
and below the cloud chambers (figure 1). A counter is pulsed by the
passage of one or more charged particles through its surface. The
cloud chambers were actuated and a photograph was taken when a

proper coincidence of pulses occurred in the two irays of counters.
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All of the data at 220 m, and three-fourths of the data at 1750 m, was
taken with a coincidence requirement of one or more counters in the
"top tray and three or more counters in the bottom tray. With this
requirement, about 20 percent of the photographs at 1750 m contained

penetrating showers, The remainder of the data at 1750 = wes talen

e

with the coiacidence requirernents for the top tray iacreased to two

or more counters, whereas the bottorn tray requirements were

unchanged., The photographs containing penetrating showers were

increased to 40 percent. There was a corresponding increase in the

small fraction of photographs containing V-particles.



IiI. CIRCUMSTANCES OF OCCURRENCE OF V-PARTICLES

Before investigating in detail the production of V-particles,
several conclusions can be drawn from a classification according to

the circumstances of their occurrence.

A. Multiple Occurrences

Axnong the photographs containing 134 V@-particles and 1§
charged V-particles, ten photographs contained ruore than one
V-particle, The photographs with multivle occurrences were: 1 with
three VO-decays; 3 with two VP-decays; 4 with one VP-decay and one
charged V-decay; and 2 with two charged V-decays. Figure 2 is an
exaraple of a photograph with two V@-particle decays.

The orientation of the V-particles in the multiple occurrences
was such that none indicated the origin of a V-particle as the decay
product of a previous V-particle. However, in three cases the same
nuclear event could have been the origin of two V-particles. Assuming
comparable lifetimes of about 3 x 10710 seconds, it has been shown
that if V-particles were always produced in pairs, the number of such
examples should have been much larger (j) The conclusion that
V-particles are not always produced in pairs was further supported bSr

the fact that the number of multiple decays from different origins
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FIGURE «
VC-Particle Production By A Penetrating-Shower Particle

Frame 23942. The top chamber shows a typical penetrating-

One of the penetrative shower particles initiates a

One of the particles in the star is a
The interaction is also the origin o’

shower.
star in the lead plate.

hea /ily ionizing proton.
the VY-particle which decays into a proton and a negative
IT -meson, There is a second VO.particle decay in the upper
left portion cf the top cloud chamber. This VP-particle could
have originated with the penetrating shower.
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exceeded the number from the same origin.

Ten photographs with multiple occurrences suggest a rather
copious production of V-particles. The multiple occurrences can be
mterpreted as a large production probability when the proper circum-
stances prevail, The simnultaneous presence of a large number of
high energy penetrating-shower particles was the circumstance in
nearly every case of multiple occurrence. Figure 2 is illustrative of

these conditions.

B. V-Particle Production in the Lead Abowve the Cloud Chambers

A penetrating shower is defined as two or more parallel or
clearly associated particles, at least one of which penetrates the lead
plate between the two cloud chambers. A penetrating-shower particle
usually penetrates the plate with very small scattering and remains at
minimum ionization. Such a particle has high moraentum, showing little
or no visible curvature in the 5000 gauss magnetic induction.
Measuréments show that the penetrating-shower particles often have
momenta exceeding 2 Bev/c. The penetrating-shower particles are
secondaries of high energy nuclear interactions in the iron or lead,
and sometimes the air, above the top cloud chamber. About one-half

of the penetrating showers are in excess of four particles. The
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penetraling shower particles are very nearly parallel and are oriented
in a generally vertical direction. There were 72 examples of V-
particles and 9 charged V-pariicles decaying in the cloud chambers,
with origins in the lead above the cloud chambers, and at the same time
were accompanied by peneirating showers, By obser.ing that a large
fraction of the V¥-particles originating in the lead plate was produced
by penetrating-shower particles, it is inferred that the interactions
above the cloud chambers were alsc largely by penetrating-shower
particles. Figure 2 has a VP-particle produced in the lead abave the

cloud chambers.

C. V-Particle Production in the Lead Plate

between the Cloud Chambers

Thirty-seven V@-particles and nine charged V-particles had
érigins in the lead plate between the two cloud chambers, The origins
of the V-particles were established by obvious interactions in the lead
plate.  An average of about four high-momentum particles accompanying
the V-pérticles were projected back into the iead plate to locate the
origins, By observing the examples with definite origins, it was found
that an extension of the line of flight of the V®-particle, before decaying,
passes between the paths of the decay products. When more than one

interacticn was present in the lead plate, the V%-particle was ascribed
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to the proper orxigin by requiring a fuliillment of this condition. Little
difficulty was found in ascribing a charged V-particle to its proper
origin, since its track can be projected back into the lead plate along
with the other charged particles to the interaction.

Each example of V-particle production by a charged particle
was very carelully analyzed 1o asceriain whether the charged pariicle
producing the V-particle passed, within the accuracy of measurement,
through the star origin. It was further required that it should have
been visible in the lower chamber, had it penetrated the lead plate, and
that it was not observed in the lower chamber unless it was scatiered
at the siar origin through an angle greater than five degrees. This
procedure eliminated the possibility of production by an unseen neutral
particle. Four VC-particles were produced by neutral particles.

Figure 4 is an example of VP-particle production by a neutral particle.

The nine charged V-particles having origins in the lead plate
were all produced by charged particles. The statistics are too poor to
say this is significant, since only one in nine VO-particles wae produced
by a neﬁtral particle. Examples of charged V-particles produced in the

lead plate are illustrated in Figures 5 aad 6.
D, V-Particles with Unidentified Origins

Twenty-five VP-particles occurred alone in the cloud chambers,

or were nol clearly associated with any nearby events.



FIGURE 3

VO Production by a Lone Charged Particle

Frame 17685, A single particle traverses the top chamber
and initiates a star in the lead plate. The star has 6 charged
particles. At least two of the star secondaries are protons,
The Vo-par'ticle decays near the boitom of the lower chamber.
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FIGURE 4

V© Production by a IMeutral Particle

Frame 24390. In the lower chamber are 4 charged particles
and a V9-particle from an interaction in the lead plate. The
interaction occurs almost midway between the front and back
of the chambers. Projecting the general axis of the star back
into the top chamber indicates that the producer would almost
certainly have been seen, if it was a charged particle.



FIGURE 5

Charged V-Particle Production by a Penetrating-
Shower Particle.

Frame 26622. A penetrating-shower particle in a typical
shower interacts in the lead plate producing a star. One
of the particles in the star is a charged V-particle.



FIGURE 6

Charged V-Particle Production by a Penetrating-
Shower Particle.

Frame 13484, Three penetrating-shower particles tra-
verse the top cloud chamber. One of the shower particles
produces a star having a charged V-particle and another

particle. One of the shower particles decays below the
plate.
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A summary of the above data is given in Tahle 1.
F. What the Circumstances Seem to Itnoly

L. The Initiating Particles

Both charged and neutral particles impinging upon a nucleus
caa produce VP-particles, There are two theories as to how a auclear
collision results in a number of particles being emitted. In the multiple
theory the mesons result from an interaction of the incident particle
with a single nuclecn in the nucleus. However, in the plural thezory,
the mesons are produced in the nucleus by collisions involving nuclesns
recoiling from the incident particle. If VP-particles are produced
according to the multiple theory, then their production process may not
be charge dependent since they were produced by both charged and
neutral particles. Since all the observed charged V-particles were
produced by charged particles, their production process may be charge
dependent.

A neutron is the simplest interpretation of the neutral particle
producing a VP-particle. By the assumption of a charge independent
interaction between nucleons, it is possible to account for the qualitative
features of currently known n-p and p-p scattering data(‘}"). From the
equivalence of nucleons, protons should produce VP-particles in about

the same number as neutlroas, since it is estimated that the number of
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neutrons is only 1.25 times the number of protons in penetrating

(®)  he rmiority o VO - artic
showers® °, The majority of the V¥ -particles were produced by
peneirating-shower particles, Th_e meson percentage in penetrating
showers will be shown (Part V, Section F) to be of the order of 80 per-
cent. Mesons could be the main producers of VP-particles, The
mesonsg are probably not all 7T{-mesons. Because the energies imvolved
in producing the stars containing V-particles are large, the number of
heavy mesons may be sigmificant(z), Mo single type of initiating
particle would be consistent with what was observed and production by
nucleons and mesocons is strongly indicated. It should be recalled that
the counter coincidence requirements were biased to take pictures of
penetrating-shower components, The counters are further biased for
charged particies since they are noti affected by neutral particles.
Nucleons and mesons could be equally effective when possessing the

necessary energy.

Z, Why the Difference in the Numbers of Charged and

Neutral V-Particles?

There is a large difference in the observed number of
charged and neutral V-particles observed in the cloud chambers. The
difference does not seem 1o be due to a large difference in the necessary
energy for production. The multiplicity {(number of particles) of the

stars, which is a measure of the energies of the initiating particles,
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is ghowin in Part IV 1o be about the sam« for stars containing charged
and neutral V-particles. A case was found in which both a charged
V-pariticle and a V@-particle were produced in the same interaction.
This example also indicates that the necessary energy for the nroduction
of either V-particle iz about the same.

L pary, the differeace i the mumnbers of charged V-paciclces
and VY-particles that are observed can be acccunted for by the relative
case of ideptifying a VV-decay. The V2-decay is characterized by two
charged parficles from a point in the gas of the cloud chamber. A high
momeatum VO-particle decay is likely 10 be szen. However, a high
cossentun charged V-particle decay is apt to be missed since there is
only a small angular deviation somiewhere along an ctherwise single,
charged particle track, Further, a charged V-particle decay near the
top of either cloud chamber is very difficult to identify,

A significant difference in the lifelimes would account for a
difference in the numbers of charged and neutral V-particles ihat are
recorded. Returning 1o Table 1, it is seen that the highest ratio of
charged V-particles to VV-particles occurs for origins in the lead plate.
In these cases, the regicn in the vicinity of production is being obser-ved,
A smaller ratio of charged V-particles to VY-particles is found for
those originating above the cloud chambers and no charged V-particles

ars without origins. These circuinstances would be consistent with the
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charged V-particles haviang the shorter lifetime, providing they are of
comparable momenta, and hence have about the sarne time dilations in
their lifetiines, The charged V-particles appear to have inomenta akout
cgual to the average for the VY-particles, The observed aumber of
charged V-particles and V9-particles should be about the same if pro-
duced in equal numbers. The counclusion that the cross-secron for
VO-particle production is larger than that for charged V-particle production

by a ratio of about three to one would be consistent with the numrber seen.



IV, AN ANALYSIS OF THE STARS CONTAINING V-PARTICLES

The interaciicn of a high momentura particle with a nucleus
usually results in a surnker of secondary particles being emitted from
the nucleus. Such an event is terimed a star. Occasionally a V-pariicle
is also among the cmitted particles. In a star in which a V-particle is
produced in the lead plate between the two cloud chambers, the incident
particle that undergozs the nuclear collision can usually be seen travers-
ing the tcp cloud chamber. By a study of the incident particles it has
been hoped taat the signs of the charges could be detected, The incident
particles carrying a cegative charge would have substantiated the
previvus indications that in the main V-particles are meson produced.
It has been assurmed that electrons do not produce V-particles. Due to
their very high momenta, a study of the individual incident particles
was fruitless except for a lower limit of 2 to 5 Bev/c being placed on
their momenta. A lower limit on the mmomenta of straight tracks is one
that is consistent with the small distortions cbserved in photographs
obtained with no magnetic field. Although several of the incident
particles possessed curvature, the curvature was not uniform aloug
the length of the track and was therefore attributed to distortions.

Since the momentum of the particles producing the V-particles

could not be measured directly, a detailed study of the stars coniaining
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V-particles was undertaken to obtain an order of magnitude for their
momenta. There is considerable information concerning stars
observed in photographic emulsions and in cloud chambers. The
energy ol the incident particle has been correlated with average star
size. The aagular distribution of the star secondaries has been ploited.
‘here 1s some evidence thal meson-produced stars have characteristics
which differentiate them from stars produced by nucleons. A comn-
parison of stars containing VP-particles and charged V-particles with

this data seemed mosi profitable.
A. Classification of the Star Particles

By an analysis of unly the V-particles produced in the lead
plate between the cloud chambers and neglecting those produced above
the cloud chambers, fewer particles in the stars were lost due 10
chamber geomeiry, and the observed number of particles in each star
is more indicative of the true star size. The angular distribution of
the star particles is more meaningful if it is with respect to the incident
particles undergoing the nuclear collisions. This can be done ounly for
interactions in the lead plate between the cloud charabers. In these
cases the incident particles can be seen traversing the top cloud
chamber. Although the number of examples of VP-particle productibn
is greatly reduced by an analysis of only those produced in the lead

plate, the thirty-seven occurrences in the lead plate are thought to be



statistically sufficient in numbex.
The cloud chamber tracks, produced by the charged particles
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itwo cloud chambers were divided into three classificatioans,

I, Tracks with lonizaticon Less Than 1.3 (19)

The total nuraber of shower particles in a star is termed a_.

The particles with ionizeticn less than 1.5 consist of 7[-mesons with
momenta greater than 170 Mev/c, and protons with momenta greater
than 1 Bev/c. In those particles termed ng, no atterapt was made to
identify the particles as actually mesons or protons. Since many of
the particles are very straight in the magnetic field, and are at minirnum
ionization, the division would have been very incomplete. The average
star containing a V9-particle will be found toc have n, equal to four.
Because of their high momenta, almost no shower particle produced
in the lead plate fails tc emerge into the gas of the lower cloud chamber,

nd the n recorded in the cloud chamber is essentially that for
photographic emulsicns, The assumption is made that a star and its
constituents produced by a high momenturmm meson or proton interaction
with a silver or bromine anucleus in a photographic emulsion is
cssentially the same as an interaction with a lead nucleus. The designa-

tion u_ in photographic emulsions is for tracks with icnization less than
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(5)

or equal to 1.4 7, Visual ionization estimates in the cloud chamber can

be approxirnately given as less than about 1.5, or minimum.

2. Tracks with Jonization Greater Than 1.5 (V)

The total aumber of heavily toniziag pariicles in a star is
desiynated as i”'{h. The rnesons and protous with ioaizatios yreatey than
about 1.5 have momenta less than those recorded above as e Few
cvaporation protons exceed energies of 25 Mev and have ranges too

smiall 1o emerge frormn the lead plate, esxcept when produced very neaxr

the surface. Many protons with larger energies fail to enter the gas.
This classification is smaller than that for the actual star. However, few
of the heavily ionizing particles that enier the gas can be mistaken, This

classification corresponds to the photographic emulsion criterion for

Ny, except in that case the lower limit of ionization is 1. 4.

3. The Electrons (n,)

Tlie electirons issuing from the general star area were nceglected
since some are knock-ons and others pair-produced beyond the region
of the star origin. The aumber of T{°-mesons is about one-third the
suri of the charged mesons and must contribuie to the electron flux in
stars, since the T{°-mesons decay in the vicinity of the nucleus into

photons which produce electron-pairs. Nearly all of the electrons are
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casily identified by large curvatures in their paths through the magoetic
field while possessing minimum ionization, However, the eslectirons with

very high momenta are difficult to distinguish from the a_ component

consisting mainly of /{-mesons and protoas.
B. The Total Mumber (11) of Charged Pariicles in the Stars

Figure 7 is a histogram of the number of cases and the total
aumber of charged particles (I"%:ris +Hh) in the stars in which V°-particles
and charged V-particles were asscciated., The number of particles
recorded in each star is the aumber actually observed and whose pro-
jection back into the lead plate intersected the star origin, The low
rnomentum particles (N ) were recorded if they could possibly have the
star as an origin, since scattering is important at their low momenta.
The actual number of charged particles in the stars exceed the number
seen due to passage oul of the chamber region when produced in the lead
plate near the walls of the cloud chambers. The histogram does not
include the V-particles. The average number of charged particles in

the stars containing V?-particles is five. The number of examples of

stars containing charged V-particles is small. The average star con-
taining a charged V-pariicle appears to have fewer charged particles

than the average VP-particle star.
E ¥
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C. The Mumber of Bhower Pariicles (115) in the Stars

Figure 8 is a histogram for the high momentum particles (ns)
in the stars with V-particles. The average star produced in the lead
plate and containing a VY-garticle has about feur lightly ionizing charged
particles. The stars containing charged V-particles appear to contain
fewer shower particles (»15) than the stars with VP-particles. If the
charged V-particles were also included in the number of particles in
the stars, the star sizes would be increased by one since nearly all of
the charged V-particles are near minimum ionization. However, using
momenturm as a criterion rather than ionimation, the number of shower
particles (ns) in the stars with neutral V%-pariicles would also be
increased by one since the momenta of the VP-particles average nearly
1 Bev/c (the momenta of the VO-particles are given in Section E).

Figure 4 has a star in which all the particles are shower particles.
D. The Number of Heavily Ionizing Particles (Nh) in the Stars

Figures 7 and 8 each have an average of about four or five
particles in the stars and their similarity emphasizes the relatively
staall number of heavily ionizing particles (Nh) found in the stars con-
taining V-particles. Figure 9 is a histogram of the number of stars and
the number of particles with an ionization greater than 1.5. The average

number of heavily ionizing particles in the stars containing V-particles
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FIGURE 9

The Muzber of Heavily Tonizing Psridcles in the Stars,

15T

14—+

10 —

Containing V-Particles.

—i.

Each Case

37 Stars with VP-particles
9 Stars with V¥ -particles
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5 6 7

Number of Heavily Ionizing Farticles in the Star
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is about one. Figure 3 has a typical star containing heavily icnizing

particles. Although the number of heavily ionizing particles observed
in the stars is small, it will be shown in Section [ that about the

correct number eimnerged from the lead plate.

E. The Moruenta of the Incident Particles Producing

VO-Particles

The average number of shower particles (ns) in the stars
containing VP-particles is four (fig. 8). These high momentum particles
will be found in the next section (Section F) to be distributed in small
angles with respect to the forward direction of the incident particles
creating the stars, Since the incident particles are in a general vertical
direction, few of the high momentum star particles (ns) that are pro-
duced in the lead plate between the two cloud chambers are lost due to
chamber geometry. The number of shower particles recorded is nearly
correct for each of the actual stars in the lead plate. In stars in which
there was an average of about four shower particles, the average
mornentum of the shower particle was found by Camerini et 31(5):%‘t0 be
about 1 Bev/c. The numerical value of ng is about equal to the total

forward rnomentum of the charged particles in the star in units of

#Table IV in the reference.
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Bev/c. In addition, the momenta of the VP-particles average 1 Bev/c
(Section H). Since other meutral particles in the stars are neglected, a
minlmuim estimate for the average momenturn of the initiating particles
is _5 Ee‘v/ﬁ.

The momentum of sufficient incident pariicles has been
measured o allow the characteristics of the stars to be studied as &
function of the incident momentum, and the variation of the average
number of shower particles (ns) with the incideat momentum is given by
Camerini et al(S). Figure 10 is a pariial reproduction of these resulls.
It is reported that a particle with a momentum near 10 Bev/c produces
on the average a star with 4 shower particles. This is, however, not
quite the circumstance for the distribution in Figure 8, in which particles
with various momenta produced a distribution in which there is an
average of 4 shower particles. Figure 11 shows the distribution of
multiplicity for the shower particles (ns) in stars produced by particles
in three ranges of energies, as reported by Camerini et al(S). The
distribution of ng for the stars containing VP-particles would be con-
sistent with having been produced by particles with energies in excess
of 4300-9400 Mev. It is estimated that the VP-particles were produced
by particies with energies in a range about the value 10 Bev. At these
high energies the momenta of the particles, whether T[-mesons or

protons, would be in a range of momenta about the value 10 Bev/c, and
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FIGURE 10

The Variation of ithe Average Humber of Shower
Particles in Sters (nsj With the
Energy of the Primary Particle.

(as given in Fig. 9 Camerini et al.(‘S))
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FIGURZ 11

Distribution of Multilplicity, Lg, @8 a Functlon
of Baergy

(Cemerini et al. (3) Fi_, 11)
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5 - 15 Bev/c seerms realistic. The value 10 Bev/c is also consistent
with the fact that a particle with this momentum produces a star with
an average of 4 shower particles.

It will be shown (Part V, Section E) that oaly about one in
twenty star producing interactions seem (among other variables) to be
energetic enocugh to produce stars coataining V%-particles. By iate-
grating a differential momentum spectrum for penetrating-shower
particles, to include only those with morenta in the highest 1/20, it is
found that the VY-particles were produced by particles with momenta
in excess of 7.4 Bev/c.
The F’e:‘:z’ni(é) thermodynamic equation is Nc - 1.2 % \(1/4,
in which N _ is the number of charged shower particles (ns) in the star,
and \’ is (1 -l’é)' % for the initiating particle. A T{-meson producing

c
a star with 4 shower particles would have a momentum of 17 Bev/c
according to this equation. E. P. George reported in a recent lecture
that experimentally a better numerical constant in the Fermi equation
is 1.3. Using this latter value, the momentum of a 7{-meson producing
a star with 4 charged shower particles is 12 Bev/c.

The momentum of the incideat particle producing an average
star containing a VP-particle, and consistent with each estimale, would

be about 10 Bev/c. Because the momenta of the incident particles

could not be measured in the magnetic field, the smallest stars containing
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V@-particles were produced by particles in excess of at least 2 Bev/c.

F. The Angular Distribution of the Shower Particles (n )

in the Stars

The angular distribution of the shower particles in the stars
containing V9-particies is given in Figure 12. The angles are the true
angles, in the laboratory system, of the star particles with respect to the
particles producing the stars., The angular distribution of the shower
particles in the stars containing VP-particles is essentially the same as
ordinary stars when compared with the cloud chamber results of Brown

. (7) . . G
and McKay® ", Of even more intevest is the fact that it is also the same
as obtained in photographic ernulsions‘™’/. This similarity of distribution
seems to indicate that the efficiency for seeing these high momentum
particles is good irrespective of the lead plate and the chamber geomeiry.
The angular distribution for the VY-particles will be found in the next

section to differ markedly from the distribution found in this section

for the shower particles.
G. The Angular Distribution of the V-Particles

The angular distribution of the V9-particles with respect to
the incident particles is shown in Figure 13. The angle is the true angle

of the VP-particle in the laboratory system. The bulk of the VC-particles
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FIGURE 13
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are emitted at angles between 209 and 35 with respect to the particles
producing the stars. The angle of each VP-particle (QVO) was calculated
frorn the vector cormponents of the incident particle T and the line of
flight of the V9-particle V© us;i:ﬂgT - V% . 1V% Cos eVO’ except when
Qmnly

the angle 8 was small it was obtaised froinl = VO = IVY Sin

A Vo
examples of V%-parficle production in the lead plate were used in order
that the incident particles be seen.

Figure 13 is the angular distribution of the VC@-particles that
decayed in the gas of the lower cloud chamber. The angular distribution
of the VP-particles is about constant from about 20 to 35 degrees and
falls rapidly at smaller and larger angles. However, in the same stars
in which the VP-particles occcurred, the shower particles (fig. 12) have
a distinct maxinmium in their distribution in the vicinity of 15 degrees.
The expected corrections to the angular distribution are: (1) The low
momentum Vo—particles have a high probability of decaving in the lead
plate. (2) The VC-particles emitted at large angles can pass through
the walls of the cloud chamber before decaying. (3) The VO-particles
emitted at small angles with respect to the incident particle tend to
have high momenta and can pass through the bottom of the cloud chamber
before decaying. Corrections to the angular distribution of the VO-

particles will be postponed until their momenta have been studied. How-

ever, the results of these corrections are given in Figure 14.
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The angular distribution of the charged V-pazrticles, in which
there were only nine cases, is composed of isolaied cases from 0 to
70 degrf—:ee;. The charged V-particles did not tend to have sinall angles
with respecti to the producing particles, which would have been the

tendency if they were produced with relatively high mormenta,
H. The Momenta of the V°-Particles

In about five-sixths of the cases of VP-gparticle production in
thie lead plate between the two cloud chambers, the momenta of the
positive and negative decay particles can be measured. In each of these
cases tne momentum of the VP-particle (PO) was obtained by vector
addition of the momenta of the two decay particles(3). Figure 151is a
histogram of the momenta of the VP-particles that could be measured.
The dashed lines of Figure 15 represeni the contribution from the
unmeasurable cases. The manner in which their momenta was esti-
mated.will be given below. The distribution given in Figure 15 is for
the examples of VP-particles that decayed in the lower cloud chamber
and does not include the cases which were produced in the lead plate
and failed to decay in the gas of the cloud chamber.

Using the angle © (calculated in the previous section) which

o
the VP-particle makes with respect to the incident particle initiating

the star, and using the momentum of the V%-particle (P), the com-

ponent of the momentum of the VU-particle that is normal to the line of
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flight of the incident particle is P:J Sin BVO. A histogram of the normal
components of the momenta (P.L } is given in Figure 16. This perpen-
dicular component of the momentum is 1nvariant in a transformation
from the laboratory system to the center of mass system. The normal
component of momentam is an indication of ‘the momentura with which
the VV-particle is ''created’ in the center of mass system. This
momentum is about 400 Mev/c (fig. 16). A plot of the normal com-
ponents of momeanta (P, ) vs the momenta of the VO-particles {Po) is
given in Figure 17. The normal component of momentum (P.\. ) is nearly
constant., A similar correlation has been found for T -mesons in stars(g),
and it was reported that the normal components of the momentum were of
the order of M C For the VP-particles the normal components are of
the order of Mo c/2.

For the VP-particles produced in the lead plate and decaying
in the gas, the angles (BVO) were measured in every case. When the
actual momentum of a VO-particle cannot be obtained from the decay
particles, the rnornentvtnn can be estimated from P.L = P Sin QVO’ using

P, equal to 400 Mev/c (the dashed lines in Figure 15).

L

The probability that a VP-particle with a momentum P and

a mean lifetime T decays within a path length d is

2
. dMO C
I-¢ t/'r =z 1 -

Pdecay = "¢ Tpcl
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in which t is the time in the center of mass systern tc traverse the
distance d, Mocz is the rest mass of the Vo—particle. N V‘j—particles
with a momentuin ¥ are observed to decay while traversing the height of
the lower cloud chamber, there were probably N particles actually

passing this region where

No- N

Q l_e't 7,r

Taking the values N from Figure 15 for each range of momenta, and
using the average momentum in each range, the momentum distribution
given in Figure 15 was thus currected for the number of V2-particles
that passed beyond the cloud chamber before decaying. It was assumed
that each VP-particle's path was from the bottom of the lead plate to the
bottorn of the lower cloud chamber. This is, of course, an over estimate
of the path lengths in the cloud chamber of the VP-particles that are
emitted at large angles, It is estimated that this will, however, correct
for the number that pass out of the cloud chamber walls before decaying.

In a similar manner the number that failed to emerge from
the lead plate was estimated. The length (d) was taken to be ane-half
the thickness of the lead plate. This correction was important for
correcting the low momentum portion of the momentum distribution.

The results of these corrections to the momentum distribution

are given in Figure 18. The 37 V%-particles observed to decay would be
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increased by about 22 for an estirmate of the probable number that were
produced.

'I’hg number of particles that failed to decay in the gas of the
lower cloud chamber were calculated at various momenturn ranges in
the corrections to the momentum histogram. Agaian using Pl = P, Sin 9y,
weith P.L = 400 Mev/c, the particles that failed to decay in the gas cai be

ascribed to the proper angles 8 Those VO-particles with momenta

vor
less than 400 Mev/c were distributed uniformly at the large angles. The

results are given in the corrected histogram for the angular distribution

of the VY-particles in Figure 14.

1. A Comparison of Stars Containing VY-Particles with

Other Stars Known to Have Been Meson and Nucleon Produced

Nucleon produced stars have been studied in considerable
detail by Camerini et a1(5). Scme of their stars were produced at an
elevation of about 68, 000 feet in photographic emulsions and represented
mainly primary protons, with an estimated 6 percent M-mesons locally
produced. The most important characteristic of a nucleon produced
star is the large number of heavily ionizing protons emitted. This
means ;Lhat a nucleon-nucleus interaction highly excites and disrupts
the nucleus in the process of meson formation. A typical star, produced

by a nucleon, which has 4 lightly ionizing particles (ns) also has about
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o . ‘ . (5) .
11 heavily ionizing particles (Nh) according to Camerini et al’™’, The
heavily ionizing particles consisted of about 7 low energy evaporation
protoas and 4 with higher kinetic energy but with an ionization greater
than 1.4, and surm of the two is Ni .
1

The stars observed by L.al =t all%) were also in photograzhic
cruulsions, but were the fateractions of mesons which had Geen produced
in a very large star resulting from a single primary interaction. These
meson interactions correspond with the manner in which V-particles
arec produced in the lead plate by penetrating-shower particles originaling
above the cloud chambers. In both cases the interactions are by
secondary particles in which the T{-meson percentage is high. The

(9) | o
authors, Lal et al*”’, reported the meson produced stars to have very
few heavily ionizing particles (Nh) and a proportionately larger number
of high momentum particles (n.s).

The stars containing VP-particles cannot be directly compared
with the results obtained in the photographic emulsions. However,
assuming the stars containing V%-particles were nucleon produced aad
were accompanied by the large number of relatively low momentum
particles (Nh), it is possible to calculate the average number that would
enter the gas region of the lower cloud chamber. This calculaticn is

L S (5) e
possible since the Camerini et al paper gives the variation with a,

nearly all of which are seen in the cloud chamber, of the average number
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of protons of different energies in their stars. The distance from the
gas in the bottom chamber was recorded for each star in the lead plate
containing a V%-oarticle. For varicous depths in the lead plate, Figure 19
gives the minimurn momenturn of a star secondary in order that it
emerge into the gas with 100 Mev/c. An extra 100 Mev/c momentum
allows the paihis to be oblique through the lead plate and still emerge into
the gas.

The comparisons of stars containing V9-particles and those
produced by protons and T(-mesons are given in Table 4. Assuming
the stars containing Vo—particles were nucleoxn initiated, the calculated
numbers of I‘i{h particles that should have emerged from the lead plate
are generally larger than the actual numbers seen accompanying the stars,
The difference is not large encugh to e conclusive, but is indicative ol
VY-particle production by particles other than nucleons. The stars
containing V@-particles and having a high multiplicity compare favorably
with nucleon production. The stars produced by neutral particles and
containing VO-particles have almost exactly the correct number of
heavily ionizing particles to have been nucleon produced. A one-inch
lead plate is of such a thickness that a large fraction of the heavily
ionizing protons are lost. These protons are the essential characteristics

that differentiate /(-meson and nucleon produced stars.
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V. A CROSS-SECTICH FOR V°-PARTICLE PRODUCTION

There were 37 Vr‘-particles produced in the lead plate between
the two cloud chambers uo to a certain date of cloud chamiber operation.
Three modes of V¥-particle production were apparent: 27 were produced
by charged penetraiing-shower particles, 6 were produced by lone
unassociated charged particles, and 4 were produced by neutral particles.
A detailed survey was undertaken to ascertain if these were the ratics
for such interactions in the lead plate irrespective of V¥-particle pro-
duction, and to determine what fraction of the interactions had VP-particles,
Any essential differences in the appearances of the interactions with and
without VP-particles were noted. The number of charged V-particles
produced in the lead plate is so small that a similar detailed survey for
their production is not feasible. However, from the VP-particle results,
the charged V-particle production cross-section will be estimated.

The one-inch lead plate gives 18. 4 percent nuclear geometrical
cross-section. The two one-eighth-inch brass walls of the cloud chami-
bers, which are in contact with the lead plate, were approximated as
being copper and provided an additional 5. 3 percent nuclear coverage.
Thus an average of 23,7 percent of the particles traversing the materials
between the cloud chambers would pass within the geometrical area of a

nuclens. The total equivalent of the {naterials between the two gases of



the cloud chambers is 3.3 cin of lead.
The survey consisted of 9 consecutive rolls of filrn in which there
were 18UU photographs. These cloud chamber photographs had heen

taken at 1750 m elevation, with the counter requirements being two or

P

miore in the top tray of counters and three or more in the bottom tray
(522 Apparatus). Such couater requirsments are referred to as a 2-3
coincidence., The counter requirements in previous photographs had
been a 1-3 coincidence. This change in counter rzguiremients resulted
in a 50 percent increase in the percentage 5i photographs with penetrating
showers at the same elevation, The counters were in adjustiment over
a major portion of the survey and in each roll of film the statistics
were nearly identical,

In these 9 comnsecutive rolls of film there were 7 V@-particles
and one charged V-particle. Compared to the overall statistics, 8
V-particles being produced in the lead plate in 9 rolls of film is a large
ratio, since only 47 V-particles (37 VO-particles and 9 charged V-
particles) were produced in the lead plate in the first 100 rolls of film.
However, the counter rzquirements in the present survey doukbled the
percentage of photographs with penetrating-shower particles at the same
elevation. The 9 rolls of film are probably a representative sampliag of
the interactions of penetrating-shower particles and they contained very

nearly the same ratio of V-particles to penetrating-shower particles as
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was found in the total of 100 rolls. A total of 1630 penetrating-shower
particles entered t.he lead plate in the present survey, of which 190 had
interactions in the lead plate and 8 V-particles were produced. The

rermaining 1440 particles traversed the lead plate.
A, Classification of the Nuclzar Events in the Lead Plate

Since V¥-particles are produced by particles with momenta
too high to be measured in the 500U gauss magnetic inducticn, the
particles observed for a vross-section calculation were restricted 1o
thoge with high momenta, The charged particles traversiag the gas of
the top cloud chamber and catering the lead plate were recorded 1f their
mormenta were in excess of the arbitrary value 1 Bev/c. A charged
particle with 1 Bev/c momentum has a curvature in the magnetic field
that is just perceptible on a photograph. Many of the charged particles
that penetrate the lead plate are not traversing the cloud chambers in a
vertical direction. To record with certainty that a particle penctrated
the lead plate without deviation or had a nuclear interaction, observations
were restricted to the central portion of the lead plate area. The out-
side vertical lines of fiducial marks on the backs of the cloud chambers
(see fig. 2) were taken as ’b?undaries and viewing the photographs
stereoscopically, the particles and interactions were restricted from

being near the front or back of the lead plate. The 8 V-particles recorded
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were produced in this area of the lead plaie, and 2 additional V¥-particles
were produced outside of this area. Except for passage through the
lead plate with no detectible deviation, the inleraciions of the incident

particies fall into the following classifications,

1. Star Production

Each star was classified as to the nmumber of shower particles
(’le) observed in the star. Interactions which produce stars in the lead
plate will be detected with a high probability if two or more high momentum
particles are present, since these particles will emerge from the lead
plate with a probability near vae.

An interaction in the lead plate, in which only low morenturm
particles are present in the star, will be classified as a star if any of
the particles emerge from the lead plate. Otherwise the incident particle
is recorded as being stopped. In either case it is regarded as a
nuclear interaction. Having restricted the interacting particles to
those with momenta in excess of 1 Bev/c, this occurrence has been

>

minimized. Barker and Buﬂer(lo) observed stars produced in a lead
plate 3.4 crn in thickness, and reported almost unit probability for
detecting stars when initiated by particles with momenta greater than
1-2 Bev/c.

A star containing a single high momentum particle will be

recorded as a nuclear interaction if this particle is at a sizable angle
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(greater than 5 degrees) with respect to the incident particle. Such an
interaction will be recorded as a star if any of the low momentum
particles emerge into the gas, otherwise it will be recorded as a
nuclear scattering.

The type of interaction that will be missed completely is one
in which the low momenturm particles in the star fail to cmerge into
tne gas of the cloud chamber and a single high miorenium particle in
the star is emitted at a small angle with respect to the direction of the
incident particle. Observing such an event in the double cluud chnmber,
it can only be recorded as a penetration of the leac clete without iater-
actica. Ewven though the secondary particle is observed to be at a small
angle with respect to the incident particle, it must not be recorded as
a nuclear interaction, since this is exactly the appearance of a particle
scattered by the Coulomb field., If the cross-section for nuclear inter-

e

aclions, obtained from cloud chamber observations, are found to be
smaller than the cross-section obtained in nuclear ermulsions or possibly

in counter coincidence experiments, then the occurrence of the above

described interaction is not rare.

4. Nuclear Scatterings

No single case can be guaranteed to be a nuclear scattering

since what appears 10 be a scattering in the lead plate rnay have been a
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star producing collision in which a number of particles were emitted
and only a single fast particle emerged irom the lead, In either case
it should be recorded as an interaction for calculations of a cross-
section. What should a0t be included are the ordinary multiple and
large angle single scatterings by the Coulomb fields,

The criterion used by Barker aad Butler(io), in calculating
an interaction length for penetrating-shower particles in lead, was to
record all scatterings with angles five times the probable multinle-
Coulomb scattiering, calculated using Williams' fornni]a(li). Fretter(lz)
recorded scatterings greater than 15 degrees for an interaction length
calculation., The arithmetic mean value of the multiple scattering
angles;-c— for 1 Bev/c f{-mesons in the present absorber is 1,55°,

1

. . . o . . ,
Five times the mean value is 7.75°. The maximurn single Coulomb
N

scattering angle #  is 1. 359,
From an interaction length for penetrating-shower particles,

it is possible to calculate the angle 9('2 at which nuclear scatterings becoime

predominant. The mean free path for 1 Bev/c Tlmesons is later found
to be 340 gr/cmz or 30 cm of lead. The probability is about 1/10 for

an interaction by a single shower particle traversin: ih: leud plate.
Integraling the Gaussian distribution for multizle aca‘tterin\g from GCZ 1o
oo, and equating to 1/10, one obtains from a table of Gaussian functions

T-=2:—_= 1.17 or e, = 3. 2°. Nuclear scattering becomes important for
oC,

m =<y
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angles beyond 3. 2° for 1 Bev/c T[-mesons, and the angle is less for
higher momenturm particles. The requirement by Fretter‘(lz) that the
angles be greater than 15" in a one-half-inch lead plate seers an
excessively stringent condition, For the present work, an angular

S : o : .
deviation greater than 5 was recorded as a auclear scattering.

3. Stopping in the Lead Plate

A number of particles with momenta in excess of 1 Bev/c
were seen to enler the lead plate from above and no particles were
scen bezlow the plate. Such events would occur for low energy stars in

-
the lead, since their secondaries are rapidly absorbed. In each such
case the decision had to be made as to whether the particle entering the
plate could be seen emerging from the bottom, rather than passing out

of the cloud chamber walls., The efficiency is guite good in stereoscopic

observations.

-4, A Summary of the Results

Table 3 presents the penetrating-shower particle results
obtained in the survey of 9 rolls of film., A total of 1633 penetrating-
shower particles entered the lead plate and produced 156 stars in which
7 VO-particles and 1 charged V-particle were found. In addition to the

stars, 21 nuclear scatterings occurred and 20 penetrating-shower
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particles stopped in the lead plate. IMineteen stars were observed in
which thé incident pariicles were not visible and the locations of these
stars were such that the incident particles probably should have been
seen., These stars are recorded as being produced by neutral particles,
The charged particles, by which these stars were identified, were
usually in such a direction as to make the axis of each star parallel
to the general direction of an accompanying penetrating shower. These
stars, produced by neutral particles, were similar to the star in
Figure 4, without the V°-particle.

Table 4 records the resulls for lone unassociated charged
particles, all of whose momenta was in excess of 1 B.ev/c, and the stars
produced by neutral particles which could not be associated with pene-
trating showers.

A comparison of the penetrating-shower particle results
obtained in the present cloud chamber with other cloud chamber results
is given in Table 5. Because the height of the two cloud chambers is
about 18 inches, the presenl cloud chamber has often been referred to
as the 18-inch cloud chamber. The Barker and Butler(l 0) data was
obtained in a cloud chamber with a magnetic field, whereas the cloud
chamber operated by Fretter had no magnetic field. The Barker and
Butler data has a higher ratio of nuclear scaiterings, and particles

stopping in the lead to the number of stars produced, than was observed
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i the present cloud chamber. The results obtained by Fretter are not
directly comparable with the 18-inch cloud chamber results, since he
used lead plates 1/2 inch thick. If the number of penetrating particles
is divided by about three, the Fretter results should be the 18-inch
clnud chamber results. It is seen thal Freiter observed relatively

fewer stars and no particles stopping in the lead.
B. The Interaction Length of Penetrating-Shower Particles
The interaction length ?\I is defined by the equation
L

N o=, (1-e "X

which may be written in the approximate form

_ Mo . .
>‘1‘ = L N << N,

where NO is the total number of particles entering the plate, N is the
number of interactions and L is the thickness of the plate. The 18-inch
cloud chamber data gives )\I = 27 cm. The corresponding interaclion
length reported by Barker and Butler(lo) is RI = 26 cm. These values
correspond to what is termed "uncorrected' interaction lengths. The
value of L is the thickness of the lead plate and does not take into account
the angular distribution of the penetrating-shower particles. Since few
of the particles traverse the plate in the direction of the normal, the

particles have actually traversed a length greater than L to produce the
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observed number of interactions. The correcied iateraction length is
greater than the uncorrected. Brown and McKay(?) provide a means
ol correcting the data. They fcund the median angle of the lightly ionizing
secondaries of interactions above their chamber, with respect to the
zenith, and reporied that the appropriate factor is 1,09, Brown and
McKay also found other corrections for the low momenturs {ateractions,
This was necessary since their cloud chamber had no rnagnetic field.
These other corrections do not seem appropriate for the data obiained
in the present work, since the interactions were by parficles with
momenta in excess of | Bev/c. Barker and Butler did apply these other
corrections to theix; data since the momenta of the shower particles had
not been restricted.
1
The correcied interaciion length obiained in the 18-inch
cloud chamber is 30 ¢cm of lead or 340 gr/cmz. In Table 6 are values
for /\I (Pb) reported by cther observers using cloud chambers., The
error in the 18-inch clould chamber data was computed on the assumption
that all the interactions recorded wer'e real and the error is in the total
number of particles traversing the lead plate. Estimating that perhaps as
many as 10 percent of the shower particles were missed, or should not
have been recorded as shower particles, the error is ¥ 40 gr/cmz‘.
It seems worthy of note that the interaction length for

penetrating-shower particles is not the geometrical area of the lead
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nucleus but is nearly one-half this value. This seems to indicate that
the probability is only about one-half for the interaction of a high
mornentum particle in passing through the geometrical aree of the lead

nucleus.

C. A Cross-Sectica for VP-Particle Production by

Penetrating-Shower Particles

Accompanying the 197 nuclear interactions by penetrating-
shower particles, 7 V°-particles were observed with origins in the lead
plate. These VP-particles represent those produced with momenta such
tnat there is a signilficant chance for them to decay in the gas of the
cloud chamber. V°-particles with very high momenta have large time
dilations in their lifetime and pass beyond the region of the cloud chambexr
before decaying and hence are not recorded. In a previous section
(Part IV, Section H) it was estimated that about two-thirds of the V°-
particles decay in the lower cloud chamber when produced in the lead
plate. There were most probably 10 VP-particles produced in the present
analysis,

One V@-particle is '"formed'’ in about 20 nuclear collisions by
charged penetrating particles whose momenta are in excess of 1 Bev/c.
Only one in 160 penetrating-shower particles traversing the lead plate

(37.5 gr/cmz') produces a VY-particle. The purpose of the above analysis,



in which the interaction length for pemetrating-shower particles was
icund, was to check the accuracy of the number of genstrating-shower
varticles and interactions corvesponding to VY-particle production,

The cross-secticn for VP-sarticle sroduciion is akout 1/40

6

7

the jeomnelrical cross-seclion of the lead aucizus, or 3,5 1077 cin™ /-
cleus. The diameter of a lead aucleus is about ¢ nucleon diamizizrs

(Al/g = (:107)i/3 = 5.51) and sc 1/40 the geometrical area of the lead
aucl:us is sligntly less than the geometrical area of a aucleon. Suppose

a penelrating-ehower particle is traversing a lead nucleus alony a dia-
meter and is coafined to a cylinder whose cross-section is that of a
nucleon, Such a particle will pass through 6 nucleons and average one
collision. It thus appears that the impact parameter for V°P-particle
production is of the order of 1/¢ the nucleon radius,

The number of shower particles (ns) in each of the 148 ordinarvy
stars (without V-particles) were recorded (fig. 20). The average multi-
plicity of these stars is two. The ratio of Vo-particles to shower
particles in high momentum interactions is 7/2 x 156 or about two per-

. . : (14)
cent. An estimnate of three percent was given by Seriff et al , and
is a very reasonable estimate.
A single charged V-particle was prosiced in the 9 rolls of
film. The overall ratio was 9 charged V-particles to 37 V®-particles.

It is estimated that the cross-section for charged V-particle production is

about 1/3 that for V@-particles.
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D. Indications That the Cross-Section is Energy Dependent

In calculating the cross-section for VP-particle production,
it was tacitly assumed that every one of the charged penetrating-shower
particles with rmomentum in excess of 1 Bev/c was capable of producing
a VY-particle. Experimentally, 1 Bewv/c is the highest momeatum that
can be measured with some certainty, The multiplicity of the stars
containing Vdﬁparticles is larger than the multiplicity of the ordinary
stars (fig. 20), and this is an indication that the average momenturm of
the penetrating-shower particles producing VZ-particles is greater than
the average momentum of the penetrating-shower particles, Figure 21
is a histogram for the ordinary stars, and compares favorably with the
Brown and McKay(T) stars, also observed to occur in a lead plate in a
cloud charaber. Brown and McKay recorded fewer stars with no shower
particles (ns = 0), as would be expected, since their lead plate was

1/Z inch thick. The lead plate and cloud chamber walls in the 18-inch

cloud chamber are in excess of one inch.

E. The Momenta of the Incident Shower Particles

Producing V°-Particles from the Cross-Section

It was found that only one in 20 nuclear collisions by penetrating-
shower particles produced a V9-particle. The multiplicity of the stars

containing VP-particles indicates that this srnall ratic is due, in part, to



-69-

(Fu)
[PT3Im] J0M0US JO Joqumy

ex
ok

Ioag oyt UT

FIGURE 21

Gl uw ot 6 @ L 9 & W £ 2z T 0 ,
_1..l"to.L 4 1 v [ ! T ' | 1 L ¥ ! 1 L] T L}
| T T LT T T TR ey
! N —_—
L \ m 46
..... 1
r;;:-# m
| _ 10T
_ [}
I !
S8 28T _r..!i 451
SIVLS ATVOW PUE UMOIF . e | ="
sxe1g 6T “ ! Loz
3904 DBYT 9yl Ul sAv3g AIBUIRAQ——-—- _ _
| .
—_— +42
-
_ F
by e
R T e o€
I
l6g

{®AIT10 yOB2 J9DUN BAIB fenbe)

(1) TOWOH DUT UROIG £q DIAIOSQQ SIERS UL UALA paxedwog

279Td TERIY 9U3 UT DOAIISBQQ SIBIS U3 JO A3TOTTATITHA

§191G JO Joqumy IATEBIAY



-70-
the necossity of high mornentum interactions. In the region above
o . A (10) o
1 Bev/c momentum, Barker and Butler observed 85 penetrating-
shower pariicles, from which they obtained the differential spectrum
2.5 % 0.3)

dp/ p' . The penetrating-shower pariicies with morzeata 1n

excess of 7.4 Bev/c are in the highest 1/20 of the integral spectrum,

F'. The Rativ of T[-Mesons to Protons in Penetrating Showers

It has been estirmmated that 2/3 of the shower particles, having

a momentum in excess of 1 Bev/c, are 7(-mesons. The method by which

the estimate was obtained is guite interesting and worth relating.
(B
Camerini et al explained:

This has been done in the following way: the energy
spectrum of the M-mesons in the cosmic radiation, most of
which are produced by the decay in flight of 7[-particles, has
been determined by Sands (1950)*%, From this spectrum, the
energy distribution of the parent TU-particles can be computed;
and thence, from the low energy distribution of T-mesons
observed in the present experiments, the total number to be
expected among the (7{, p) particles can be calculated. The
result is about two-thirds of all the (7T, p} particles, and the
rest are therefore attributed to protons.

The (1T, p) particles were defined as having momenta in excess

of 1 Bev/c, and the two types of particles could not be distinguished.

The following estimate can be made for the ratio of T{-mesons

io protons, in the cbserved penetrating showers, in the present survey,

In Table 3 the stars produced by neutral particles are recorded. There

*Sands, Phys. Rev., (1950), 77, 180



-71-
was a total of 19 such stars accompanying penetrating showers. The
neutral particles are assumed to be neutrons. The 19 neutron~initiated
stars can only be compared with the 156 stars produced by charged
penetrating showers in the classification (1}, since a neutron interaction
would be undetected in the other two classifications (nuclear scattering
and stopping in the lead plate). The ratic is one aneutron to 8§ charged
particles, assuming neutrons, 7{-mesons and protons have the samse
cross-section for star production. The number of neutrons should be
at least equal to, or greater than, the number of protons. Using the
Camerini et al(s) estimate that the number of neutrons is 1.25 times
the number of protons, the 8 charged particles contain 7 7{-mesons and
one proton. The result is about 88 percent of all the shower particles,
with mormenta in excess of 1 Bev/c, are T(-mesons, 'There was a
total of 27 V-particles produced in the lead plate by charged penetrating-
shower particles. Using the above result, three VO.particles were

produced by protons and 24 V°-particles were produced by -mesons.



Vi. AN ATTEMPT TO MEASURE A LARGE ANGULAR MOMENTUM

Iy THE VU-PARTICLE
A. Why a Large Angular Moraentum Might Be Present

A large angular momeniun would explaia the long lifetime
of the V9-particles. That such would be the case was first proposed by
R. Feynman (to the best knowledge of the author). The characteristic
lifetime of the proion and the negative f(-meson association in the
nucleus is ’}i/Mch - 6x10 "% seconds. The Vo-decay(g) usually results
in a proton and a negative 7(-meson (VO—-—»P*-»T[?Q) and has the “long"
lifetime of about 3 x 10°!Y seconds. That a large angular momentum
quantum number ({) would give a long lifetime due to a centrifugal
barrier potential was offered by W. Fowier in a discussion with E. Fermi.
An angular quantum number A= 5 would probably be sufficieat to account
for the long lifetime,

If the incident particle is a f{-meson, the least linear momentum
it can possess at a maximum impact parameter equal to the range of the
nuclear forces a, = %/Mc, and at the same time have an angular momentum
of A = 5is 1.6 Bev/c. This momentum is readily available in typical
T( -mesons contained in penetrating showers. The necessary linear

momentum for the T{-meson is larger for smaller impact parameters,
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but many 7{-mesons possess momenta in excess of 1.6 Bev/c. When-
ever an incident 7{-meson has sufficient linear momentum in ordex to
have the necessary angular momenturn at small impact parameters, the
total energy in the center of mass system is sufficient to conserve the
incident parficles and produce numerous f-mescns according to the Fermi

thermodynamic theor y(é)a

B. A Measurement That Could Indicate a High Spin

in the VY-Particle

In a typical case of VP-particle production in the lead plate
between the two cloud chaimmbers, one can identiiy the track of the
incident particle (I), which undergoes a nuclear collision and creates a
star in which a VP-particle is emitted. The projection of the star
secondaries back into the lead plate serve to locate the origin of the
star. The VC-particle is identified after it decays into two oppositely
charged particles. The line of flight of the VO-particle before decaying
is from the star origin to the decay point. If the V®-particle is a high
spin particle, it seems plausible to expect the spin vector of the
VP-particle to be normal to the plane formed by the incident particle (I)
and the line of flight of the VP-particle (V?) before decaying. The
direction of the spin vector would tend to be the direction of the vector

Tx VY. Itis thought this spin direction is plausible because the nuclear
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field of the incident particle interacts with the nucleon at some impact
parameter {p) and a sufficiently large incident momentum serves to
impart the necessary angular momentum in a direction norraal to the
plane of the incident particle's line of flight and the impact parameter,
It is an assumption that the forces involved between the incident particle
and the nucleon are in the plane of the incident pariicle aand the itmpact
parawieter. It is expected that the VP-particle tends to move in this
same plane.

If the VP-particle posscsses a high spin, the decay particles
{positive proton and negative 7(-meson) rust conserve this large
angular momentun., Since the internal spin of the f{ -rneson and proton
are zero and one-half respectively, the two decay particles conserve
the angular momentum during the decay process by moving with suffi-
cient angular momentum with respect to the center of mass of the
V9-particle. The two decay particles can conserve the large angular
moraentum most easily by being emitted in a plane normal to the spin
vector of the VP-particle. It is tacitly assumed that there are only the
two charged particles in the decay. However, if there are also neutral
particles involved in the VY-particle decay, the situation is unchanged
unless they possess a large internal spin. The plane of the decay
particles should be nearly parallel to the plane of the incident particle

1) and the VO-particle (V°).
b
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If the vector direction of the decay particles are A and B, then
A x B should be nearly the direction of the spin vector of the V@-particle
and hence nearly paraliel to I x VO. 1f the angular momeatura of the
VO-particle is &A1, then the angular portion of the wave function for

either the T(-meson or the proton is

&”/u(e,yf) = Pf (S)ein’g - sick o AL (1)

The distribution of the Tl -mesons and the protons should be as Sin‘z‘z‘e
where 6 is measured frorn the direction of the spin of the VO-particle.

A distribution Siﬂ?‘&'@ has a high probability near 96°, The angle ©

can be chtained from
(TxV0)x (Vo xA)=VO (IxVC-A) — Al x VO.V0) (2}

The second terin on the right side of the equation is zero.
Since the direction of the remaining term on the right side of equation (2}

is the direction of V°, the direction of the left side of equation (2) is also

V°., Expanding both sides of equation (2) it is found that
L IX Iy I
¢ sin 0, v°) Sin 8§ (VO Sin 6, Aeyq = VO | VO, VO VO, (3)
AX Ay Az

Where eVO is the angle between'I and VU, BA is the angle between VO and

the decay particle A, and 8 is the angle between the planes (I, VO) and

(VS, A). These various particles and angles are in Figure 22.



FIJURE 22

Tie Farticles and Angles Involved in the Csleulation

of a High Angular Momentum in the V9-Particle.
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Solving equation (3) for Sin 8 it is found that

L S
yo  yo yo
x Vi Z
A A A
Sin§ = s (4)

w7 ) F P -~ S &
IVY A S8in bvo Sin GA

The angle 8§ i (90 - 8) where 8 was defined by zquation (1). A correla-
tion between the spin vector of the V@-particle and the normal to the
plane of the VC-particle and its decay particle (A) would be given by a
smiall angle 8 .

Since the three coordinates (x, v, z) for any point on a track
in the cloud chamber can be obtained, the three vectors I, VO and A can
be computed. The angles BVO and QA can be calculated from the three
vectors. The numerical data necessary for the above calculations can
be obtained from a graphical construction in the same manner as the
other calculations, such as the i3 values, were obtained for these same
V’O-particles(3). The two sets of track images from the stereoscopic

photographs are projected upon a sheet of tracing paper and careful

pencil tracings are made of all the pertinent particles on the photograph.

C. The Results Indicate a High Angular

Momentum in the VO-Particles

The angle 8 was calculated for each case of VYP-particle
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production in the lead plate in which the incident particle was a charged
particle (32 cases). These results are given in Figure 23. It is seen
that there is a tendency for the small angles 8§ and these circumstances
would indicate a high angular momentum in the V9-particle, The antici-
pated distribution for an indication of high angular moruenturn was from
equation {1) as Sizzz‘qﬂ, which has a very small probability for an examyple
occurring beyond 45 degrees if L is as large as 5. Since the calculated
guantities are 8 = 90 - 6, the distribution in § indicating a high angular
momentur would have a large concentration near zero angle. However,
any tendency for the angle 8 to be sraall is thought tc be importani, since
the hypothesis that the direction of the spin of the V@-particle is the
direction of T x VO is probably not true. The direction of the spin of the
VP.pariicle may be a broad distribution about this direction. The fact
that a tendency for small angles 8 was found seems to indicate that the

VO particle may have a high angular momentum.

D. The Errors in the Measurements that Would Indicate

a High Angular Momentum in the VO-Particle

The angle 8 will be most accurate when the two planes
(I, V°) and (VO, &) are well defined. A plane is well defined if the two
vectors are long and the angle between them is large. The lengths of the
vectors I, VO and A, and the angles QVO and QA’ vary over large ranges

in the available examples of VO-particle decays. The error for each case
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Figure 23
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in Figure 23 was arbitrarily assigned the value +5°, although it was
known that the error in soine cases was probably much larger than
5 degrees,

The z coordinate of any point on a track {depth in the cloud
chamber) is obtained from a projection of the stereoscopic photograph
and has an error of about 5 tiznes the ervor in x or y., The pariicle A,
which has the largest angle with respect to the path of the VP-particle,
was usually chosen. This particle was in nearly every case the T(-meson
rather than the proton. The 7(-meson usually has the smaller momentura,
and hence the larger curvature in the magnetic field. Because the angle
BA is the angle between the VP-particle and its decay particle A, itis
necessary to construct the tangent at the decay point. The angle 8,
between the VO-particle and one of its decay particles is usually large
when the momentum of the VO-particle is low. Since a low momentum
VS-particle will usually decay near its origin, the length of the vector
VO tends to be short in the cases having sizable angle GA' The location
of the star origin in the lead plate is necessary in order that the line
of flight of the VP-particle be defined. The accuracy with which the
origin can be located depends upon the number of particles in the star
that can be projected back into the lead plate and the distance over which
they must be projected. A star with a sizable number of particles is a
high energy event, and the particles in the star, including the VO-particle,

are likely to have high energies. A high momentum (high energy)
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VP_particle has a small angle between the decay particles. With so
many conflicling sources of errors, no realistic error could be assigned
to the angles 8 that had been calculated.

As a last resort, the accuracy of the varicus angles 8 was
estinated by the tedicus process of rzcalculating a number of the cases.
What were thought to be the best cases were selected for recalculation
with no influence by the original values of 8 that had been obtained. A
total of 20 of the best examples were selected for recalculation. These
examples were subdivided into two classes (I, II), according to what
accuracy it was thought the angle 8 could be calculated. The basis for
ihe seleciion was simply the geometrical configuration of the various
particles with respect to one another and the lengths of the tracks,

The final distribution for the angle 8, which is the angle
between what was thought possibly to be the spin direction of the
V©-particle and one of its decay particles, is given in Figure 24. There
is a remarkably large number of cases with an angle § less than 45
degrees. A tabulation of the various examples and their path lengths
and angles is given in Table 7. The values obtained in the first calcula-
tion and the recalculation are compared in each case. The path lengths
of the various particles in each specific case are essentially the same
in both calculations. However, the construction procedure was refined

for the recalculation and in each case this is thought to be the more
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accurvaie of the two. The errors assigned are as follows: the class I
examyples are consistent with having aboul 5% errors in the final values
for 8 , and the class Il examples are generally within +10%. The class
Iil examples, which were the poorest examples and were not recalculated,
were sampled and found to have such large errors that it was uncertain
as to whether a specific case had an angle > greater or less than 457,

The recalculated examples bear nut the results of the first
calculation and provide a check as to the accuracy with which the angle 8
can be given. Finally, one must ask, "What is the probability of getting
5 caszs at angles greater than 45° and 15 cases at angles less than 457
in a total of 40 cases, if they are really uniformly distributed frora 0 to
90 degrees?''., This is the situation in Figure Z4. The answer is about

1 in 20,
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TABLE 7

The VO-particles produced in the lead plate were classified
according tu the apparent accuracy of the examples for a calculation of
the angle & .

Class I examples appeared to be the mmost accurate.

Class il examples appeared to be accurate but in each case
there was some undesirable feature.

Class III examples appeared to be very inaccurate.

Ly is the usable length (cm) of the path of the incident
particle in the gas of the top cloud chamber.

L o is the length (cm) of the path of the VO-particle in
the gas of the lower cloud chamber,

L, is the usable length (cm) of the path of the decay
particle A.

) is the angle (degrees) between the incident particle
Vo .
and the VC-particle,

BA is the angle (degrees) between the V9-particle and its
decay particle A,

The first line in each case is the results of the recalculation
and the second line contains the first calculation results. The same
track A was used in both of the calculations of the angle 8 except when

indicated on the right, by the charge of the particle that was used.
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TABLE 7 (continued)

Class I Examples

Frame HNo. LI LVO LA BVQ QA 8
10876 11.5 2.5 14,2 31 63 24
33 60 26
12418 15,2 1.5 10.6 57 g i
ol 31 5
13231 13.7 €.9 9.9 30 31 25
29 20 20
21910 14.4 0.6 9.7 27 18 24
30 18 21
22895 15,1 3.1 5.1 25 25 37
29 25 44
23942 15,3 3.7 5.6 51 42 12
47 30 17
26585 5.4 5.1 10. 6 37 37 90
40 35 90
30045 14,1 3.8 6.7 18 27 24
24 28 5
30095 8.0 5.5 .8 z1 41 1
40 4
31341 12.5 7.3 8.2 16 38 62
20 39 69
31476 12.6 9.1 14, 2 51 35 26
50 29 15

Class 1l Examples
9489 15,0 1.1 10,7 48 43 49

53 41 39
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TABLE 7 (continued)
Class 11 Examples {(continued)

Frame No. Lq LVO LA H.VO BA 8
12717 13, 6 0.5 2.7 31 48 76
28 50 70
15181 13.8 5. 4 6.8 b 12 70
g 11 69
19796 13. 6 0.3 3.7 & 60 -
8 50 18+
24915 8.8 2.2 13,2 22 25 53
33 32 44
27529 24.1 0.3 10.7 20 55 3
3 53 2z
27196 14.8 2.5 12.4 28 : 27 -
28 22 194
28167 14 0.7 8.8 25 72 39
25 76 41
30803 4.7 6.3 8.2 15 37 18+
27 30 40 -

Class IIIl Examples

In nearly every Class III example the angle between the V©-
particle and its decay particle (A) was small. The value 8, is the
apparent angle (projected angle) as it appears on the photograph and was
the reason for classification of most of the exarples as Class III. How-
ever, the value of 8, in the actual calculation of was the true angle in
space. These Class IIl examples were not recalculated.

879¢ 13.6 0.4 16.3 37 34 46
17078 17.0 12.6 5 10 11 15

17407 15.0 1.0 10 42 15 15



Frame Mo,
17685
18675
20976
21121
23368
26867
28738

31044

15,40

15,0

10,6

7.5
16,0
16,0
13,0

16.0
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TABLE 7 {(continued)

It

10

. -
27
Lo
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