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ABSTRACT

Thirty+?ive cloud chamber photographs of V-shaped tracks
apparently due to the decay of a new unstable neutral particle (V°-
particle) and five apparently due to the decay of a new unstable
charged particle (Vi-particle) are discussed, It is shown that only
a few of these events could be the result of known processew such as
stars in the gas, the scattering of a charged particle, electron pair
production, pi-mu decay or mu-slectron decay. .Tho V-particles are
shown to originate in the penetrating showers which were sslected to
trigger the expension and also in the associated low energy stars,
Some evidence for the nature of the decay products is given,and the
decay schemes V°=—» proton ¢+ negative meson and V°-~» positive meson +

unidentified negative particle are suggested, (aleculations of the mess

of the V° under the assumption that the decay products are two pi-mesons

and again assuming the products are & proton and a pi-meson, do not give

consistent results in either case. The discrepant values, 600 to 800 me

and 2200 to 2500 my, are discussed. The possibility of a three body

decay is discussed, A mean life (1.3 x 10~10gec.) is calculated for the

V° egsuming the decay into two pi-mesons. It is shown that there are

about 40 charged penetrating shower particles per V°-particle,
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I. IRTRODUCTION

In 1947 G. D. Rochester and C. C. Butler (1) published two
cloud chamber photographs which they interpreted as evidence for the
existence of two new unstagble particles. The firet (similar to Fig.l)
showed two tracke forming an inverted Vv with?apqx in the gas and an
angle of about 60°. The curvatures in the magnetic field of the two
iow ionization tracks could have resulted from two rolativ:f;;rticles
of opposite charge traveling downward from the common origin, and
Rochester and Butler concluded that these were the charged secondaries
of the decay in flight of a new unstable neutral particle. The second
photograph (see Fig. 2) showed the track of a relativistic particle,
positive if traveling downward, which changes direction by about 20° at
a point in the gas without producing any other ionizing particles.
Rochester and Butler concluded that fhin event must represent the decay
in flight of a new unstable chargod_y#rticlo into a charged secondary of
the same sign and at least one neutral particle.

In the summer of 1949 a group of observers from this laboratory
(2) obtained 35 additional photographs of the first typerand 5 of the
second type discussed by Rochester and Butler providing ample verifica-
tion and considerable extemsion of their coﬁclusions. Since 1949 a
number of additional observations by various authors (3) ~ (8) have been
reported; the existence of the new particles has bécams practically cer-
tain; and the name V-particles, suggested by the appearance of the photo-
graphs, has crept into the literaturé.

The term V-particles, due to Blackett, will be used here to
refer to both the nsuxralfand charged particles, and where necessary a
superseript (0, +, =, or + where the sign is uncertain) will be used to

specify the charge. This nomenclature has the disadvantage of grouping



together types of particles which may be related only historically but it
will be Pollowed with only this brief caution. The term V-particle will
frequently be gbbreviated by simply dropping the word particle,

It is the purpose of this thesis to give in some detail the
evidence contained in the photographs taken by the observers in this
laboratory and the arguments basic to their conclusions concerning the
existence and properties of the V-particles. Where later work has added
to our knowledge these conclusions will be modified, and in some of the
many cases where the data ave still inconclusive, particularly with regard
to the number and type of secondary particles, suggestive arguments will
be glven.

Although the history of the V-particles is still sufficiently
short to be treated with some completeness, no special effort will be
made in this direction, since the various independent observations (with
the exception of the single case of Hopper and Biswas) are essentially
the same as those made in this laboratory. It is significant that all of
these observations have been mgde with cloud chambers controlled by
counters sensitive primerily to locally produced penetrating showers, and
it will be clear from what follows that such an arrangement ls highly
advantageous.

It iz interesting to note that prior to 1947 at least two pub-
lished reports contain evidence for the existence of Vt-particles.

Jo Daudin (9) describes several peculiar "collisions in the gas™ of which
his Pigure 16 is probably a case of Vt-doeay. and Janossy (10) published
a similar case without comment in 1945, Several other photographs men-

tioned by Daudin are possibly cases of V°-decay.



Although there have been numerous other reports of new
particles, especially various tau-mesons, there is no evident con-
nection between these particles and the V-particles, and it is

important to meke a clear distinction betwesen them.



II. THE APPARATUS AND ITS OPERATION

The Chamber

The cloud chamber and magnet used in this experiment were the
same ones previously described in a report on the decay products of the
mu-meson (11). The chamber, of the freely falling type, was eylindrical
with a diameter of 30cm and a depth of l2cm. The entire volume was
illuminated from the rear and photographed stereoscopically with an angle
of about 10°. The chamber was filled with argon at a pressurs of about
19em of Hg above atmospheric pressure (i.e. 95 cm at sea level and 7lem
at 3200m) and saturated with a water-alcohol mixture at about 25°C, The
strength of the magnetic field was usually about 6300 gauss throughout

the c¢hamber.

Geiger Counters and Absorbers

The arrangement of geiger counters and absorbers in and around
the chamber (shown in Fig.9) was designed to favor the production and
selection of locally produced penetrating showers. The 20cm of lead A,
above the chamber and counters,was used es a target for the production of
penetrating showers by the very energetic primaries. The lead absorber
B, between the two counter banks C; and C;, was 4cm thick and was placed
80 as to shield 6; from low energy particles, e.g. knock-on electrons,
which pass through C;. The 2ecm lead plate C was placed across the center
of the chamber to allow a study of the interactions of the shower
particles with the lead. In position, the chamber was held immediately
between the pole pieces of the magnet (not shown), which were iron
¢ylinders about 35cm in diameter surroundded by about 1l0em of copper.

The firing of the chamber was controlled by the three banks of geiger



counters C3, Gy, and Oze C; and Cp,above the ehambaf,were identical
banks of four counters connected so that the voltage on each counter
could be adjusted separately $o insure equal pulses from the individual
counters., In each bank the pulses from the fowr counters were added and
the detector biased so as to select combined pulses due to the simul-
taneous firing of either two or move, three or more, or all four of the
counters. Cgz,attached so as %o rise and fall with the chamber, was a
bank of seven counters simply connected in parallel for the most of this
experiment. The chamber was expanded when a coincidence wag obtained
between selected multiple pulses from 01 and O, and a pulse from 03. It
wag thus possible to require up to a nine~fold coincidence using only
three separate channels,

The entire spparatus and all suxiliary equipment edcept
electrical power generators were mounted in a large inclosed ¢railer
which was operated first at Pasadena {altitude 230m) and then at White

Mountain, California (altitude 3200m).

Counting Rates

Approximately 8,000 photographs were taken in ten weeks of
operation at 3200m and about 3000 in a somewhat longer period at 230m.
A% 3200m a six-fold coincidence of three or more counters in CG,, two or
more in cz and one or more in c3 was required. The counting rate was
about 10 counts/hr., and with a delay of 2.5min. after each expansion
this gave a picture taking rate of about 7.5 per hour. The counting rate
for the same requirement was only about one count/he. at 230m which is
consistent with the expected decrease in intensity of the raﬁiatibn
capable of producing penmetrating showers. At the lower altitude a less

selective coincidence requirement wes used for actual observatien, since
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an increase in the counting rate was acceptable and 6£fered the possibility
of en increase in the absolute‘rate at which penetrating showers were re-
carged, even though the percentage of such photographs decrsased, Either
a five-fold coinciaeneé { two or more of C;, two or more of C, and one or
more of Cz) or a four-fold coincidence (two or more of C, and two or more
of Cz) were used, Both gave counting rates between twoe and three counts/
hr, |

The Photographs

In Taeble I are listed the percentages of the various types of
events photographed. A "penetrating shower"” is defined as any group of
particles epparently proceeding from a common point and containing two or
more minimum ionization particles, other than eleetrons, at least one of
which traverses the lead plate C. All particles of the group except
identifiable electrons# are referred to as "penstrating shower particles?®
Under "electron showers™ are listed those photographs not showing a defi-
nite penetrating shower but containing a number of particles identified
as electrons., These elegiron showers may also contain some psenetrating
particles, Cases of a group of relativistic particles, none of which
traverses C, and cases of several relativistic particles not concurrent

are included under "other multiple avents.®

#Tracks due to electrons {(or any very light particle) of momentum below

100 Mev/e were easily identified by their ifonization and curvature in
Yhe mmphetice Pield. In addition, most of the electrons of higher momenta
are identifiable by their electromagnetic interactions as there is only a
small probability of finding a single energetic electron emerging from
the heavy material sround the chamber umaccompanied by low energy elec-
troms. Alsy the probability is about €~% of such an electron traversing
the four radiatiox units of the plate C without a very large energy loss
or the production of an electronic cascade.



TABLE I, - - Distribution of photographs

Type of Event
Altitude
Selection
Rate
Fote frames

Penetrating Showers

Electron Showers

Other Multiple Events

Single Particles

No Particles or Poor Photography

ﬁ of photographs

3200m
B=gel
7.5 e/h
8000

40
10
15

15

230m

2=2-1, 2=-0=2
2 -3 e/h
3000

20
12
13
25

30



Actually many, and perhaps most, of the events selected with
the six-fold coincidence requirement but not clessified as penetrating
showers are of the seme type as the showers. That is, they are events
which result from the production in A of a group of energetic penetrating
particles.s This is certainly true of the multiple events containing no
particle which treverses O, As for single particles, the probability of
a single penetrating particle producing the six-fold coincidence is quite
sregll, Moreover, the spproximete constancy with eltitude of the per-
centage of photographs showing these events suggests that many of these
are due to showers in which only one particle entered the chamber. The
electron showers, too, are in many cases probably penetrating showers
accompanied by cascades from the decay near the chamber of aﬁergetic
neutral pi-mesons.

The chief effect of the use of the less selective coincidence
requirements appears to be a decrease in the number of identifisble penstra=-
ting showers and a corresponding inerease in the numbsr of apparently
single particles. These effects are due both to the selection of some
actually unaccompanied particles which produce knock-on electrons to give
the multiple coincidence, end to the selection of some smaller penetrating
showers with a correspondingly greater probability of smending only one
particle through the chamber, The sbsolute counting rate for showers is

probably slightly increased.

Improvements of the Apparatus

Although the apparatus as designed was quite efficientjin the
selection of local penetrating shewers (which are apparently the source of
the V-particles), it is somewhat coincidental that the géomatry chosen

also allowed a reasonable probability of cbserving V-particle decays.



Obviously the short lifetime of the Vgparticles {their mean fres path
before decay is about 3g cm,where g=Pe/ic”) requiresthat the target in
which they are formed be even much closer to the chamber than the 17cm
used here. Some compromise is necessary to allow for a counter system

of sufficient selectivity and solid amgle, but the scheme employed here
is both wasteful of space and too selective. In chambers mot of the
falling type it may be possible to place most of the counters below the
chamber and require mulitiple coincidences there without greatly reducing
the effective solid angle. In Appendix A it is shown also that the effec~-
tive thickness of the target is limited by the decay of the V-pariicles
and has an optimum velue which increases sleowly with g. 8 about three or
less is the case of most interest, since it is only for these low momen-
tum V-particles that the decay products can have momenta measurable in
the magnetic fields available, For these g the optimum Phickness is of
the order of 1l0em of lead. The use of the plate within the chamber still
aeéms quite worthwhile, since it provides a nearby source of the short-
lived Vi-particles and the very slow Vo-particles and under conditions
where the origin can be accurately located and closoly studied. Moreover,
additional valuable information as to the nature of the decay products is
still to be obtained by observing their interactions with the dense

material,

Momentum Measurements

The measurements of momentum besed upon track curvature in the
magnetic field were severly limited throughout this experiment hy‘ﬁovéments
of the chamber gas which produced sizeable distortions in the tracks.
Although the walls of the chamber snd the magnet pole pieces were thermo-

stated with some care, there still remained temperature differences between



10

various parts of the chamber of about 0.1°C or less. The slow gas
currents set up before the expansion by these differences were sufficient
to produce large distortions during the 0.3 sec. in which the chamber was
falling out of the magnet gap and into view of the camera. The effect of
$his long delay, coupled with the extra difficulties in thermostating
falling chambers, would seem, thus far, to render them unsuitable for
acourate momentum mesasurements. In the most favorable cases observed
here it was impossible o deteet curvatures corresponding to momenta
above 700 Mev/e or to make quantitetive measurements above 50C Mev/ce

In unfavorable cases, especially for itracks near the solid parts of the
chamber, the distortions were sufficient %o produce S-shaped tracks with
curvatures of the segments corresponding to momenta of the order of 100
Mev/e in the 6300 geuss field. It is thus necessary to use considerable
caution in drewing conclusiops from these photographs based upon indivi-
dual momentum estimatés, In only one extremely favorable cese is any
emphasis placed on such & measurement, and in most other ceses a perhaps
exaggerated conservatism is invoked, Even so,the presence of the magnetic
field is indispensable to a rapid end accurate qualitative undsrstanding
of the events observed, and no complete analysig of the properties of the

Veparticles will be possible without the use of momenitum messurements.



il
III. THE V-TRACKS

Among the BC00 photographs taken at 3200m there were 27
examples of V-tracks which probably result from the decay of V°-particles.
Two of these V-tracks appear on one photograph. XEight of the 3000 photo=-
graphs taken at 230m also show a probable case of V°-decay. Most of the
data pertinent to these 35 cases is in Table II. There were in addition
five photographs showing a possible case of vi-decay. all taken at 3200m.
They are described in Table III,

The number of V-tracks per photograph is, of course, strongly
dependent upon the size and geometry of the apparatus and the type of
counter selection. To minimize the effect of counter selection we can
consider the number of V-tracks per penetrating shower as defined in
Section II. We have observed about one V-track (of the V° type) per 100
penetrating showers at both altitudes (120420 at 3200m and 75450 at 230m)
or zbout one per 30 hours of operation at 3200m and one per 200 hours of
operation at 230m. There are also about one track of the vitype to five
of the V° type. Armenzeros‘et al {6}, using the original apparatus of
Rochester and Butler which ié very similar to ours, observed 22 Veparti-
cles and 4 vi—particles in 7500 photographs taken at 2867m. They counted
1500 "penetrating showers™ on these photographs giving about one V°-parti-
e¢le per 70 penetrating showers., Their dofinition of a penetrating shower
was more restrictive than ours, and a similar ceriterion applied to our
date gives comparable results. Murther experiments in these laboratories
(under Prof. R. Be. Leighton) using several modified geometries give ratios
of the same order of magnitude.

Bxempies of che photographs showing V-tracks are included in
Figures 1-8, The cases photographically most satisfactory have naturally

been chosen. Only the front view of the stercoscopic pair is showne.
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Figures 1 and 2 show more or less typical cases of V°-deccay where the
decay products are relativistic and form an angle considerably less than
90°, Both are associated with visible showers and ssem te preserve the
general direction of the shower. TFigures 7 and 8 show two of the cases
of V--decay where the V-particle appears to originate in a2 nuclear re-
action in the lead plate. Figures 3 ‘to 6 illustrate various special
cages. All of these will be discussed in more detail elsewhers.

It must be emphasized thet in many cases 1t may be impossible
to distinguish between V-tracks resulting from the decay of Vo-particles
and those from the decay of Vh-particles, especlally if the decsy schemes
sre unknowm, Cases like those of Figures 1 and 2 are most likely assoc-
iated with V°-decays, TV-tracks like those in Figures 7 and 8 are un-
doubtedly due %o vﬁ—particlss,if they are produced by a V-particle at all,
There are many cases, howsver, where the angle included between the two
segments is more than 90°, and the orientation of the V-track is such that
its classification is quite ambiguous. In two cases (9«54 and 1~116)
where one track segment appears to enter from above the cases were in-
cluded with the Vi-deceys. 9=54 is especially uncertain, however. In
geveral cases similar to P 42«86 (Migure 4))where a line dividing the
angle of the V-track points downward and roughly in the direction of
associated shower particles,the tracks were included among the V°-decays.
These assignments are arbitrary, however, and conclusions drawn from
these cases should be subjset to speeial scrutiny.

In ten cases one or both of the particles resulting from the V=
decay enters the 2c¢m lead plate slong such a direction that the particle
or ites interaction products should be visidble below the plate (except, of
ecourse, for particles scattered parallel to the plate or absorbed in it),.

The results of the interactions of these particles with the lead are given
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in ¥able IV and provide valueble clues to the identity of the decay
products.

The subscripts ) and 2 in Teble IV refer % the par4icles 1 and
2 as identified in Tables II and IIT, I' and P' are the ionization end
momentum of the particle after traversing the plate. Under Trav., 1 and
2 are listed the results of the interactions. In one case a three pronged
star (sz) was produced, and in a second case the particle apparently
stopped in the plate without producing visible secondaries. In all the
remaining cases only one visible particle emerged, apparently the original

particle seattered through the angle given.
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TABLE II: THE V°-PARTICLES

The quantities listed in the various columns have the following

significance:

No.

is the reel and frams nuwber of the photographe P indicates
that the reel was axpaseé'in Pagadensa at an altitude 6? 230m.
is the total angle of the V-track calculated graphically
from the two stereoscopic views,

is the estimated ionization of the particle whose track forms
the first side of the V, counting counter—-clockwise. In
many cases upper and lower limits are given. These estimates
are in units of minimum ionization for a single charge, and
are obtained by visually comparing the track to tracks of
relativistic particles on the same photograph or adjacent
photographs. They represent a consensus of several observers,
and, Jjudging from observations on recognizable protons,seem
to be reliable at least in distinguishing factors of two in
ionization.

is the momenbtum of the first particle calculated from its
curvature in the magnetic field. These measurements are
discussed in Section II. They are very unreliable and in
most cases only a lower limit, indicated by perenthesis, is
given, These limits are obtained by comparison of the pro=
Jjected track with a set of drawn circles and vary with the
length of the track, its position in the chember, gtc.. p and
n indicate the sign of the charge where it appears to be
detectebles p indicates that the particle is positvive if

moving away fyom the apex of the V. Tracks cleariy too short
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or distorted to be measured are indicated.

is the angle between the first track and the supposed
path of the V-partiecle., The path of a Vo%particle is
here taken as a line joining the origin of an apparently
associated nuclear event {penetrating shower or star)
and the apex of the V. Values are given for those cases
in which the assumed path lies within a few degrees of
the plane of the V. The angle is positive if the path
lies between the sides of the V. The error in 63 ,due to
uncertainty in the location of the origin of the assoe-
iated event, is usually less than T 4°,

are the ionization, momentum and angle of the second
track.

indicates the type of wvigible nuclear events accompany-
ing the Veparticle, S, refers to a penetrating shower
of n-particles origineting asbove the chamber. These

are apparently the events which provide the triggering
coincidence., 8, indicates a secondary ruclear inter-
action of n-particles produced in the plate G or in the
chamber walls by a particle of a shower,

is the angle betwaén the plane of the V=track and the
particle path associated with the given accompanying
event. The errors listed are estimated meximum errors
due to uncertainties in the locetion of the sccompanying
event and the plane of the V,

is the distance hetween the points at which the extended

path of the V-particle enters and leaves the clearly
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illuminated portion of the chamber. Where neo nucleayx
event is observed a line biseecting the angle ¢ is
arbitrarily assumed to be the path.:

is the distance between the point at which the Veparticle
path enters the illuminated portion of the chamber and

the point at which the V~particle decays.
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TABLE III: THE VY -PARTICLES

The quantities listed in the various columns have the same
significance as the similar quantities listed in Taole IL with the follow-
ing exceptions:

Subseripts 1 & 2 wrefer to the upper and lower segments of the V-
$racke, 1t is assumed that track 1 was produced
by the V--particle moving generally dovmward.

3] is the angular deflection of the Vetrack at the

apex of decay point. It is the angle betwesn track
% and the extension of track l.

Acscompanying events are listed for those cases in
which track 1 aetually originates in the evente.

d & x are measured either from the point at which track 1

enters the chamber or from the point at which it

is first visivle.
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TABIE III
Nos g n Py I Py Accomp, 4 @ x
(deg) (x min) (Mev/c) (en) (em)
1331 7 1«2 sghort 1«2 (400) &3 13 L5
1.116 15 i (200) 1 {600) 25 5
13-336 34 1 short 1 (600) 83 13 4e5
50128 40 % short b 4 {300) 83 13 8.5
Qw54 60 L - 10 dist.e 4 - 18 dist. 9857 5 7



TABLE IV. - Interactions of the decay products with 2cm of lead.

Trave 1

To. 1 ’ﬁi Trav.s I Py
{deg) {x min)  (Mev/e)

2150 0 2-4 adist
2=181 0 b § short 0 1 short
9-88 0 3 short 5 1 (500)
1-126 83 10 X (300)
5~121 6 1 (300) 0 1 (s00)
17-285 0 1=2 2 = 500 40 2=-3 (300)
11-130 1 1 { 300)
2-255b 0 1 dist
11-66 stop
1-116# 0 3 (600)

#charged V-particle

19b
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IV. AN INTERPRETATION OF THZ V-TRACKS

We shall now examine several known processes tc determine
the extent to which they can account for the V-tracks. We shall see that
with the large number of cases reported here it is possible to give real
significance o arguments of the type originally made by Rochester and
Butler (1) excluding any such processes as a valid imterpretation of all
the data, In addition,it will be clear that the assumption of a new
decay process as the origin of the Viracks is consistent with the data,
and in the following sections a number of deductions from such an assump=-

tion will be discussed.

Neutron induced stars in the ges

The 8000 photographs taken at 3200m show about 14000 tracks
of charged penetrating shower particles from which the neutron flux in
the chamber can be estimated. MNeesurements of ionization and curvature
indicate that about 1700 of these particles are protons of momentum less
than 800 Mev/ec. The data above 800 Mev/ec are consistent with a differen-
tial momentum spectrum approximately of the form p~2 containing an addi-
tionel 3600 protons., If we correct for the protons lost by ionization in
the lead above the chamber and agsume that the protons and neutrons are
produced in penetrating showers roughly in proportion to their numbers in
the target nuclei, then we estimate that there should be about 7000 neutrons
of momentum greater than 800 Mev/e¢ traversing some part of the chamber,
From the space distribution of the charged particles it appears that the
mean path in the chember of the shower particles was about 20em, and about
65% traversed the 2 em lead plate. The total path length for the neutrons

was thus about 210 gms of argon (density of argon: 1.5 x 10°° gm/ce at
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26°C and 7lem of Hg) and 114,000 gms of Jead. If the mean nuclear inter-
aetion lengths for neutrons in argon and lead are 55 gms and 160 gms
respectively,# they should produee féur nuelezr intersetions in the gas
and 700 in the lead plate.

We have oSServéa. in addition %o the V-tracks, four events
classed as stars produced in the gas by avneutral particle. One conteins
eight heavily ionizing tracks (probably protons and alpha-particles) and
one seven. The other two have two heavily ionizing tracks each, all
probably protons or heavier fragments, About 100 stars epparently pro-
duced by neutral particles were observed ir the lead plate. For the
nmuclear events due to charged particles each 100 visible stars are accom-
panied by 200 to 300 other nucleasr interactions such as large angle
secatterings and anomslous ebsorptions, The estimated neutvon flux thus
appears %o be slightly high, eand we conclude that unless there is some
very special reaction taking place no more than two or three of the V-
tracks can be due to neutron induced stars. |

It should be noted, moreover, that the type of two-pronged
star which could simulate the appearance of the V-tracks is quite rave in
most materials,if it exiets ai all. Fbwér than 20 of the interactious
ohearved 8 Ve 1sil e sves emstely stmilar, If Vhe erovs-sestion fer

the production of V-tracks were proportional in argon and lead to the

#These values are in the ratio of the geomstric cross-sections with the
value for lead taken about egual to that commonly observed for particles
producing penetrating showers or nuclear stars, Observations on 3000
charged penetrating shower particles (protons and pi-mesons) in these
photographs indicate an upper limit to the mean interaction length in
lead of 230430 guse
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geometrical cross-sections, then about 5000 V=-tracks originating in the
lead should have been observed. On the other hand, if the V-tracks ave
due o the decay of particles originsting above the chimber, fower than

three should appear to originate in the plate.

Seattering of charged particles in the gas

The charged penetrating shower particles (almost entirely
protons and pi-mesons) can be scattersd by interaction with either the
electrostatic or nuclear force field of an argon mucleus. Their deflected
tracks might be classed as V-tracks provided there were no esvidence of the
scattering in the form of charged recoil particles, The probability per
centinmeter of track of 2 conlomb gcattering between a and a + da degrees
is just 2 k da / a°, whers k is 41 Nz® e*/(pv)2. N ie the number of
scattering centevs of charge ze per c¢c¢; e, p and v are the charge, momen=
tum and veloeity of the scattered particle {we assume that v does not
change appretiably in the scattering). TFor the chamber argon {(at 70cm of
He and 25°C) k= 1.8 x 1073/{pv)2, where p is in Mev/c and v in units of C.
According to Williams (12) this formula holds for small angles up to a
meximum of the order N/pb where the finite size of the nucleus ceuses a
large decrease in the scattering. E is Planck's constant divided by 20
and b is the nuclear rsdius of the scatterer. For argon h/pb is of the
order of 40/p, where p is in Mev/c. Finally, the probability per cm of a
scattering through an sngle between 2 and the maximum {where & is con-
giderably less than the maximum) is approximstely 6/(pva)3,where a is in
degrees, p in Mev/c end v in units of C.

Now consided the expected frequency of cases like 1-331
(ibble III) where a particle of momentum greater than 400 Mev/e is

apperently deflected through an angle of 70°, For a particle of 400 Mev/c
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morientum the probability of a coulombd scatteriag rmuch larger than 7€ is
negliglble,and for a pi-meson of thet momentum the probability of &
geattering say greater than 3° is about 5 x 10-8 Der Glie Momenbum
measurements indicate that there are perhaps 1500 mesons with momenta
between 300 and 500 Mev/c,with a total visible path of about 3 x 10%en,
Thus one might well expect to observe such a scattering., Similarly if we
assume in 9-54 (Table ITI) and P42-86 (Table II and FTig.4) that the
deflected track is that of a pi-meson ionizing at 5 x min, the expected
frequency o: seatterings greater than say 20° is agein of the order of
§ x 10~5 per em, Here, however, the total visible length of such tracks
is smaller by perhaps a factor of ten., On the other hand the appearance
of two deflections as larse as those in 13-336 and 5=-128 (Table III) due
to coulomd scattering seems quite imprebable,

There is, however, another important consideration, namely
the disposition of the momentum and energy transferred in the scattering.
In 1-331 this amounts %o at least 40 Mev/c of momentum (which is about the
maximum for conlomb seattering) or at least 20 kev of energy if the re-
eoil particle is an argon atom., This is sufficient energy, if dissipated
in ionization, to produce about 100C ion pairs and a distinet blob on the
eloud chamber track., The veloeity of such an argon mueleus is, however,
only about 0.0018. This is about the same order as the orbital velocities
of the outer electrons, hence little jonization may occur. In several
gimilar cases (not included as Vhtrackai distinet blobs have been observed
at the deflection point, bowever they mey have resulted from direet nuclear
gseatterings, in which the energy tramsfer is much greatdr,especially if
orly 2 part of the nucleus recoils,

We shall assume (see footnote above) that the mean length for



24

direct nuclear interactions of ths charged pemstrating shower particles
is 55 gme in argon. Por this c¢ase the 14,000 particles visible on the
3200m photographs should have produced zbout eight nueliar seetterings in
the gas. TFor such seatterings the angle is not limited. However, large
energy transfers producing visible sters chould occur, since the ineident
perticles, of wavelengths less then lﬁ“lscm. interact primeyrily with
single nucleons, Six cases of such sters in the gasvcuntaining recoil
protons, élpha-particles or heavier Tragments were obgerved. There is
the possibility thet cases like 13336 and 5-128 represent nuclear inter-
actions in which only neutrons are ejected 2nd no residusl excitation is
dissipated in ionization., Although the possibility seems remote there is

little data for cuentitetive arguments.

Electron pair production

The possibility thet the V=-tracks include examples of the
production of electrom pairs in the gas can be limited on two counts,
There 1z direct evidence in many sases that the particles producing the
V-tracks are not electrons (see Seetion V). Also the eross-section for
pair produetion ss a funetion of ineluded angle of the pair is negligible
for angles several times Mcz/pc where both particles heve appreciable
momentun, Here M iz the electron masg and p the momentum of the incident
photon. In most of these cases the resultant momentum of the two V-track
particles is greater than 300 Mev/¢ which corrvesponds $0 mesn electron
pair angles less than 0.1 degree. The smallest Veangle recorded here is
3.5 dacrees. Actuslly, no cases of apparent electron pairs in the gas

heve been obssrved outside of large electron showers.
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Pi-Meson Dec

It can easily be shown from the observed angles and momenta
that most of the Vetraecks are not due to the decay in fiight of pi-mesons.
If the pi-meson (275 electron masses) deecays into a mue~meson (210 electron
masses) and a neutrino, then the ejection veloeity of the muemeson in the
center of mass system (CM system) is v = 0.26¢ . Its momentum in the CM
system is p = 29.5 Mev/e and its momentum, P;. in the lab system is variable.
if the pi-meson has a veloecity greater than v (a momentum p0 greater than
78.5 Mev/c), then the angle a (in the lab system) between P, and p; has
a maximum value such that sin a = 38.5/p,, where p, is in Mev/c. This
result follows immediately if one first writes an expression for tan a
in terms of v; the piemeson velocity; and the angle b (in CM system)
between them and then maximizes tan & with respect to b. It is obvious
also that if a has a maximum velue, it is given as well by sin a = 29.5/p,
for a fixed Pys since the maximum sidewise component of 12 is just the
momentum of the mu-meson in the CM system.

We ean now see that if both particles in & plemu decay are
jonizing at minimum, then the momentum of the mu must be above 100 Mev/e
and the deflection angle must be less than 20°. P6-204 (Table II) could
be such a case of piemu decay, however the other cases of angles below
20° (1-331 at 7° and 1-116 at 15°) have momenta probably suffieiently
large to exclude the pi-decay interpretation.

In 9-54 (Table III) and P42-86 (Table II and Pig. 4) tracks
of very uncertain curvature and of ionization between four and ten times
minimom undergo deflections of 60° and 54° respectively. If these are
cases of pi-mu decay, the momentum of the pl must be less than 45 Mev/e

and its ionization more than six times minimum. In addition, if the mue
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meson is to have an ionization as low as ten times minimum, then the pi~
meson must be ionizing at about ten times minimum.# However much this
would seem to stretch the estimated ionizations and curvatures one cannot
definitely exclude the possibility that onme or both of these cases repre-
sents a pi-meson decay. This point is especially critical since the case
P42-86 gives a low V°=particle mass if 1t is sctually a case of V°~decay.
It is interesting that the expected frequency of piémeson
decay in the chamber is not negligible, If the mean lifetime at rest is
to=2x 108 sec, then the probability of decay per centimeter of path
is about M/pyt,C which is nearly l/4p°)where M is the pi-meson rest mass
in Mev and po its momentum in Mev/c. An estimated 1000 to 5000 em of track
due to mesons below 100 Mev/c momentum were observed., These should have
shown about ten pi-mu decays. One such case was definitely observed. There
were an estimeted 2000 mesons between 100 and 500 Mev/e¢ traversing an
average of 20ecm of the chamber, About twenty-five of these should have
decayed in the chamber and about 90% should have shown deflections greater
than 3°, No definite cases were recorded. Apparently the observation
efficiency for small deflections unaccompanied by recoil particles was

about zero.

Mu-Meson Decay

The number of mu=mesons decaying in flight in the chamber
should be negligible. If all of the mu-mesons are produced by the decay

of pi-mesons,their flux should be about 1% of the pi-meson flux. The

# Thés results from the fact that for a pi-meson momentum as great as 45
Mev/c and an angle a = 60° the mm must have been ejected backwards at a
large angle in the CM system, its velocity in the lab system being reduced
below the value corresponding to an ionization of 10 x minimum,
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probebility per centimeter of mu-decay in flight is also about 1% of the
probability for pi-mesons,so that the expected number of mu~decays is less
than the expected number of pi-decays by a factor of 104, None of the
observed V-tracks are consistent with the angles and momenta expected in

mu~decay.

We conclude that the large majority of the Vetracks result
from some new process - in all probability the decay of one or more new
particles, Probably no more than five of the cases listed in Table II
can be explained by the processes discussed, and though the percentage of
doubtful cases in Table ITI is much higher, several of the cases of Vi~
decay reported by other observers {(6)(4) are quite convineing. Ve shall
essume in what follows that Vo-particles and V--particles exist and decey

tc form the observed V-tracks,
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SECTION V: THE DECAY PRODUCTS

Though it is still not possible to definitely identify the
decay products of the V-particles, some information as to their charge,

mass and interaction with nuclei exists.

Vo=Particles

The V°-particles are observed to decay into two charged
particles. The possibility thaf neutral secondaries are also produced
can as yet neither be confirmed nor excluded. In most cases one or both
of the vi&ibla decay products are ionizing at a rate indistinguishable
from that of relativistic electrons, and it is concluded that these decay
products carry a unit electronic charge. Both positive end negative
charges have been observed, and wherever the signs of both particles were
determined they were opposite. We assume that this is always the case
thus conserving charge in the decay.

The presence of electrons (or any very light particles)
among the decay products is quite doubtful, since electron secoandaries
were producB8d in none of the 13 cases where a relativistic decay particle
struck the 2cm lead plate (see Table IV). Ten of these cases were from
five V=-tracks in which both particles struck the plate. In 12 cases the
particle emerged unaccompanied below the plate and in one case & nuclear
star was produced, The probability of an electron traversing the four
radiation units of lead without multiplication or large energy loss is
about %,

Measurements of ionization and curvature of the tracks of
the decay particles permit meaningful estimates of their mass in only a

few Pavorable cases., The first track of 11-66 (Fig.6) is 13em long,
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apparently undistorted and of large curvature ylelding an excellent momen-
tun messurement of 74 4 6 Mev/c. The ionization, 2 to 4 x min, is in a
range easily estimated‘a:&i;:"z;ar several tracks of known ionization.

The calculated mass of this particle lies between 150 and 350 electron
masses. The sign of its charge is negative. In 5-438 (Fig.5) the first
track 1s clearly ionizing ebove minimum and its momentum is almost certainly
above 300 Mev/c. The mass of this particle is well above 1000 electron
masges end consistent with that of a proton. The charge is positive. This
V=track occurs near the top of the chember, however, and may be part of a
star in the ges. In two additional cases {17-285 and 6-153) one particle
seems to have a mass well above that of a pi-meson and consistent with that
of a proton.

The measurements of mass have been considerably improved by
Armenteros et al (6) and by other observers in this laboratory. Armenteros
reports four cases in which the mass of both particles hags been measured.

In all of these the positive particle mass is approximately that of a proton
end the negative particle mass is below about 350 electron masses. In 21
additional cases the mass of one particle can be placed within limits, and
all of these are considerably less massive than & proton. Three are positive
and 18 negative, The measurements in this laboratory are in general agree~
ment with these results but they give some indication that the positive
particle may somstimes have a mess betwesen those of the proton and pi-meson.

The 13 particles striking the 2em lead plate give evidence of
having a strong interaction with nuclei., In addition to the star produced
in 1-126 the positive particle in 17-285 is scattered through an angle of
40° in traversing the plate., The particle has an estimated momentum greater

than 300 Mev/e for which the probability of coulomb scattering (multiple or
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single) greater than 20° is less than 10~3. Armenteros has also observed
at least one nuclear interaction in six traversals of a 3em lead plate,
Combining all of the data we get a mean path for nuclear interaction in
lead of the order of 150 gms. Clearly, at least one of the decay particles
has a strong nuclear interaction represented by a cross-section of about
the geometrical size of the nucleus,.

Although we must emphesize that none of the secondary perticles
have been definitely identified, most of the evidence is consistent with
the conclusion that V°-particles decay in two ways,producing as charged
products: (i) a proton and a negative meson {pi or mu)(4i) a positive

meson (pi or mu) and some negative particls. The identity of this nega~

tive partiele is a particularly intriguing mystery. If it is a negative
meson, then there must be two very different modes of deseay or two
different Vo=particles. MNore exciting is the possibility that the two
nodes of decay are very similar, the second producing a negative proton.
In either cass, from the relative numbers of observed positive and nega=
tive mesons it sppears that process (i) cecurs in the chamber twe to five

times as frequently as process (ii).

V2-Particles

The Ve-particle decays into a single charged particle,end presum-
ebly at least ome neutral particle is required to conserve momentum. The
V-pgrticle and its charged decay product both have a unit charge. Accord-
ing %o Armenteros both have the same sign and can be either positive or
negative, Decay products of a mass consistent with a pl or mu-meson have
been observed {6)(4),and in (4) evidence for a nuclear interaction of the

product is given.
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Vi. THE ORIGIN OF THE V~-PARTICLES

V°=-Particles

From Table II we see that 24 of the 35 V°-tracks wers accompanied
by penetrating showers produced sbove the chamber., Six of these cases
where the V-track was below the 2em plate were also accompenied by a
secondary nuclear interaction in the plate. In one case there was &
possible event in the plate but no shower, The ten remaining cases showed
either electron showers, single particles or no accompanying particles,
This data bears on two important questions (i} the origin of the Vo-parti-

cles and (ii) the numbsr of decsy products they produce.

High Znergy Events

In all of the eloud chamber experiments in which V°-particles
have besen observed the expansions were triggered by counters designed to
select penetrating showers. In this experiment 707 of the photographs
showing V°-particles also show penetrating showers,whereas the average
percentage of showers for all of the photographs is sbout 40%. There is,
however, much more direct evidence of the association of V°o~particles and
showers.

Figure 2 is more or less typical of 14 cases in which the V-track
is oriented so that one or both charged decey particles are t¢ravelling
generally in the direction of the particles of a clearly defined shower,
Just as would be expected if the Veparticle came from the shower origin end
decayed in flight at a velocity lavge compared to the ejection velocities
of the decay particles, MNore precisely, & line drewn from the shower origin

through the apex of the V appeasrs to lie within a few degrees of the plane
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of the V,and its projection on the plane lies within the smaller angle
between the two tracks. As in Section III such a line will be referred
to as the "path" of the V-particle,

In order to satisfy this criterion of associstion a shower
origin nmust lie sbove the V in a solid angle s which is approxinately
equal to 27 t=m w, where # is the engle of the V and w is the allowed
angular deviation between the path of the ¥V and its projection on the
plane. The observed values of w are given in Table II. For the 14 cases
discussed here w 1s less than the estimated errors of measurement,which
are in nost cases about 4° and certainly less than 7° For w equal o 8°
8 is approximately 0,003f, where # is in degrees, Since the showers are
ohserved to occur above the chamber within e cone of about unit solid
angle and since in most of the cases there is only one clearly defined
shower, the probability of observing an accidental ecoincidence between a
V-particle and a shower is about equal to s., The probability of observing
14 aceidental coincidences {and also the 5 probable correlations with stars
in the plate) out of 24 cases is negligidle.

We conclude thet a large majority of the V°-perticles are asgoc~
iated with the penetrating showers visible on the photographs and are
probably produced in these events. The only other reasonable possibility
is that the V°-particles result from a secondery nuclear interaction pro-
duced within the cone of & by one of the shower particles. TFor some of
the cases there sppesr o be as much as 100cm of path of shower perticles
(cherged and neutral) in lead mest ef which 48 within the come of s. There
shoudd be about Pive nuclear interactions within this cone but probably very
few if any relativistic tertiary particles which enter the chamber. Without

a knowledge of the expected number of V°sdecays in the chamber from each of
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of the observed V°-particles. However, if the small angle V=tracks repre-
sent very high momenta V°-particles, then it is difficult to see how they
could result from the gensrally low energy secondary reactions of the
shower particles., We are inclined to beliewe that most of these 14 V°-
particles originate directly in the very energetic nucleon-nucleon
collisions which produce the penetrating showers,

The energy of these ovents can be estimated as follows., The
average number of visible particles per shower is about 4.6. From the
solid angle subtendad at the upper lead by the chamber and the angulay
distrivution of showsr particles obzerved in photographic emulsions, we
estimate that there are sbout 15 ensrgetie charged varticles and hencs
about 25 ensrgetle particles including neutral pi-mesons and neutrons
produced per shower. The momentum dlstridbuticns observed for the charged
shower particles in this experiment are consistent with a mean particle
energy of about 1.3 Hove Hence the mean shower energy must be in excess

of 30 Beve.

Secondery Events in the Plate

Figures 1 and 3 are examples of the six cases in which a V-
particle balow the lead plate is accompanied by both a penetrating shower
and a secondary nuclear event in the lead plate, In Figure 3 the V-track,
which is nearly horizontal, doss not appear related to the shower, but has
an angle w of only 2° with the star as an origin. In Filgure 1 the sngles
w with star and shower ara 5° and 20° respectively. We have assumed in
these and three other similar cases, where w is nearly zsro only for the
star, that the V°~-particle is produced in the relatively low energy

secondary event in the plate, It is interesting to note from Tabke II that
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all of these V-trscks have large angles oy particles ionizingz shove minimum
es might be expected from low energy V~particles. On the other hand,
especially for large sngles, some of the correlations may be meaningless,
Although it sppears thet VO-particles can be producBd in both the
high and low enerzy nuclear dlsruptions, 1ittle is known about the thres-
hold for their production, the type of producing particle, the multipliecity
of production, ete, The star in Figure 1 is apparently produced by a nega-
tive particle of only a few hundred Mev/c momentum, end all of its particles
except the heavily ionizing one could he elsctrons. This could be interpre-
ted ag the production of a neutral pi-meson znd a V°-particle by a negative
pi-meson. The star in Tigure 3 apparently containg only slow protons or
heavier particles and contains a total energy in protons of about 350 Meve
Vo-particles have been observed by others in this leaborstory epparently
produced in stars containing only two or three slow protons. As for multi-
plicities,we have ohserved one case (2-255) with two V°=particles apparently
produced in a shower above the chamber, and MeCusker and Millar (8) have
reported one cese in which possibly three V°-particles are produced in a
star in the lead plate. If the probability of observing the deeay of a
To-produced above the chamber is about 0.1 (see Seotion VIII), then the

production of several VTV -particles per shower may be quite common.

The Number of Decay Products

If the V° decays into only two particles, neamely the two charged
particles observed, then the comservation of momentum requives (i) that
the path of the V° lie in the plame of the V-track, i.e., that the angle w
of the path from the metuzl origin be zero and (1i) that the projections

of the momenta of the cherged perticles perpendicular to the path of the V°
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be equal in magnitude and oppositely directed. (ii) implies that the
path of the V° rmust lie within the smaller angle of the V-track.

If there 1s at leest one neutral decay product)then both
eriteria (1) and (i1} must ocecasionally fail %o be satisfied by & clearly
measurable amount. It iz impossible, however, to zive any gensral argu-~
ment for the expected freguency of these feilures, since it depends
critically on the messes of the decay products, the energy released in
the decay, the veloecity of the V°-particle, and the coupling among the
various particles (thet is the existence of preferred angles and enerzies
in the decay).

We have observed three cases (8-479, 5-438 and P5~B) in which w
for the only visible nuclesr event is definitely greater than the erxors
of measuremsnt, Of the remaining 21 ceses acconpanied by nuclear events,
18 heve one value of w consistent with zero,and in 3 cases the origin of
the egsoclated ovent is not clearly defined. In all of the cases where.w
iz neerly zero the path of the V° lies hetween the two dscay particles or
nearly along one of them.# However, in P42-77 (Fig. 3) the path of the V°
lies closest to the particle of higher ionization and lower veloeitys If
the V° originates in the indicated star, then either the charged decay
particles are of unequal mass or a neutral decay particle is produced,

These data, though not conclusive,are strongly suggestive of a
two hody decay, especially in cases like 7-120 where the V-track is nearly

parallel to the line of sight =hd errors in w are small. From the three

#0ne can caloulate the expected distribution of the ratiocs 81/92 for certain
two body decay schemes and show, for instance, that its mediam value is much
higher 1f the two particles are of unequal mass than if they are equal,

This data seems to favor the case of unequal masses, but the results are
statistieally poor and dependent upon the idsentification of an origine In
any case,there is now direct evidence that in many decays the two charged
particles have quite different messes.
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cagses in walch criterion (i) wus definitely not satisfied we cannot exclude
a two body decay, sinee it i1s never certain that the V°-partizle has not
suffered a nuelear scatiering or that for all of the cases the apparent
nuclear event is actually the origin of the V°-particle. This is particu-
larly true for V°-particles which originate outside the chamber,

On the other hand, certain meny-patticle decay schemes cannot be
excluded. First we note thet in six cases where more than one possible
origin is visidle we have gelected one favoreble to the two body dscsy
scheme, Morsover, the errors in measuremsnt of w {due to the limited
accuracy with which the orizin and the plane of the V eould be locatBd)
were in many cases comparable to the size of one oftgﬁgles 8; end @; and
hance probvably sufficient to mesk meny cages where w was not zerc., Here
again the difficulty of dealing primarily with VO-particlas which originate
at large dlstances from the chamber is apparent, If these particles have
2 mean life of the order of 10710 geconds as eoncluded in Section VIXII,
then they must have large time dilatation factors and kemes high wvelocities
if they are to reach the chamber, In this case the angles 6; and 65 {in
the lab system) would prohably be small. In the many cases where the path
of the V° falls nearly slong one of the segments of the Vs=track we cannot
exclude the possibility that (i1) is not satisfied, especially where no
reliable estimates of momenta arve ohtainable.

One can 1nqﬁ§§é’1nto the expected frecquency of large deviations
from (1) and {i1) and the statiztical significance of the number of cases
observed, Thus far we have not treated this question in agsatisfactory
mamner, but it appears possible to demonsitrate decey schemes for which the
expected mumber of large devistions is low, ff, for exempls, we consider
the case vwhere ons of the decay products is 2 proton and the others nao

heavier than pi-mesons,and if the energy release is about 100 Mev, then the
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mexinum ojection velccity of the proton (in the CM system) is about 0,210,
For cases where the proton is relativistic in ths lab system its angle
with the V° path must be less than 12°. Since w nust be less than the
angle between the V° path and that of either charged dscay fragment, it
should average considerably less than 10°,

Gune can readily calculate for various assumed decey schemes the
expected distribution in size of the angle formed by the projection of ¢
on & plane perpendiculer %o the path of the V°, sinrce this angle is trens-
formed unchanged from the CM systen to the lab systsm. Howewsr, in the
pumerous cases where 8; or €, is about the size of the errors in € or w
this projected apgle cannot be measured,and the remaining ceses seem
inconclusive,

The praectical necessity of observetions in which the momente of
botk perticles can be measured is thus gquite apparent,es it would provide
cae with @ more sensitive test of (ii) for ewy zssumed origine TEven in
the absence of en origin, the consisteney of the mess values for the V-
particles calculated from these messurements (see Section VII) would pro-
vide & keen test for the hypothesis that the V-tracks result from one (or

perhaps twe) types of two body decay.

The Ve-Particles

In three of the five cases of Vi-particles reported here the
particle orligivates in & ster in the lead plete. Most of the ceses re~
ported by other obgsexrvers (4)(8) also originate in such eventz. The
dovbtful small angle case in Fig.8 originates in a very low energy event
apparently produced by a neutral particle and containing only two slow
secordaries., Another case TFig.7 originates in o much more energetic event

alsoc spparently produced by e neutral particle. The third case originates
in a ster produced by a charged particle,
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VII. - THE MASSES OF THE V-PARTICLES

Ve=Particles

If the V°-particle decays into only two particles,of known
masses m; and m,, then the mass, m,, of the V® can be caloulated from a
knowledge of any three of the quantities ¥, ©,, py and pye If only
lower limits are avai;ablo for py and p,, say from ionization estimates,
one can calculate a lower limit to m.. If upper limits to the momenta
are known, then an upper limit to m, can be given. A convenient express-—

ion for m, can be written from the comservation laws in the form

mg N m% + mg +2 ‘wl wg = Py Py 0O B)e

where We= p® § m2, If the term in parenthesis, call it g, is small with

respect %o (m1 + mg)z, then we can write

@y ¥ my +my ¥ (g -m omy)/lm +my)e

in any case,q is a useful parameter since it characterizes the energy
ielsase in the decay. (Note that in most of the equations in this thesis
we have written masses and momenta as if they were in energy units, i.e.,
¢ ecuals one),

In Fisure 10 we have plotted values for g as a function of Py in
the case where one of the decay produets is a pi-meson =nd one a proton
with a momentun, Do of 800 Mev/c. For such a proton the ionization is
about 1,8 times minimum. A more general set of curves, but very similar
to these, can be obtained by plotiing Q/W2 ag a funetion of pl. We see
that for given values of p, and #,q0 goes through a minimum as py varies.
Curves representinz the variation of q with pz,for P fixsd;aro similar,

Most observed cases yield only the value of ¢ and lower limits on the momen-
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ta. These cases give a lower limit on g for some 21 , consistent with

their limiting values. I in addition we assume thzt the V°=particle comes
from the apparent origin without being scattered, then 91 and the ratio
pl/pz are fixed, and the lower limit on g will be above the previous one
unlegs the two ratios pl/p2 are accidentally equal, For most values of
cos § and for Py and Py well above the rest energles of the particles an
increase in either py or p, increases the value of qe

The results have been calculated assuming first that the decay
products are a pi-meson and a proton and again assuming that the 7V° decays
into two pi-mesons. In each case we have obtained limits ignoring the
values of &; and 8y and again using their values given in Table II. In
the case where a proton is produced the decay products weigh 2125 electron
messes to which must be added (g - my m,) / (ml * m2) to give I e lost of
the cases with f less than 68° gavé lower limits on ¢ ranging from 140 to
175({llev)® x 107°,even if the values of 8, ave taken into account along with
estimates of ionization and lower limits to the momentum. This corresponds
to lower limits on m, between 2135 and 2205 electron masses. (In the
units used (g - 132) is numericglly almost equal to the energy releese in
Mev)e. In 2=-255s, however, the lower limit ¢n g is gbout 350 if the value
of el is not igonored. In P42~77 we get an,gggggglimit of only 175 for g
if we use the imdicated value of 6;. For the two cases with § = 68° we
get a lower limit om g of about 210 if 6; is ignored and about 330 if the
momenta are taken consistent with &y, TFor most of the large angle cases
©1 is unknown, bu%t%gz tracks usually shows ionizationg greater than minilmum
from which fairly relisble upper limits to p and g can be obtained. These
upper limits range from ebout 190 for 11-66 to 165 for P42~-86. The question=
able case P6-204 gives a value of about 265 for q if the ionization of its

tracks is just barely above minimum. These results can be summarized approx-

imately as follows., The large angle cases show evidence of low momenta and
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occasionally of identifisble protons and give values for m  between about
2180 and 2250 electron masses. The small angle cases give evidence of
high momenta and in some cases seem to require values of m, &s high as
2500 electron masses,.

If the decay products are two pi-mesons,weighing 550 electron
magses, the same situation holds with the same photographs playing roughly
identical roles, Excluding cases like 5-438 and P42-77 which show evidence
for protons or unequal mass products, we get the same two groups of cases,
This time the large angle cases give upper limits below about 610 electron
magses (with P6-204 going as high as 670), while the small angle cases
give lower limits ranging up to 770 electron masses for the 68° cases and
810 for 13-198 if consider the values of ©y and the estimated limits to
the momenta of the products.

The diserepancy indicated by these results seems to be real and
finds some support in the measurements of other observers in this labor-
atory and those of Armenteros et al. Both find many caeses giving fairly
well defined values near 2200 electiron masses for the first decay scheme,
but there ave é few values apparently well above these. This situation
suggests thQ poesibility that thege indeed are at least two guite dif-
ferent decay schemes with considerably different energy releases.

If the V°-particle decays into three or more particles,then no
consistency of the calculated mass values would be expected. In fact a
continuous spread of the values would be evidence for such a decay process,
though the decay of a particle with several mass states (perhaps an excited
neutron) could give similar results even for a two body decay. In any case,
the energy release calculated for the two body decay schemes forms a lower
limit to the energy release in a dooéy producing neutral particles aﬁd the

same charged particles.



vE-Particle

The data on the V¥-particle is still far too scanty to allow
any significant conclusions as t@ its mass. In several cases the
charged decay product has a component of momentum perpendicular to the
path of the Ve-particle well above 100 lMev/c, indicating an energy release

above 30 Mev if this particle iz as light as a pi-meson,.



VIII, - LIFETIME AND ABUNDANCE

Estimates of Mean Life

There are several fundemental observations from which an estimate
of the mean life of the V°-particles can be made, (i) From Table II we
note that the distances x (the distence travelled by the V° in the visible
portion of the chamber) are characteristically very much less than the
distances d (the maximum distance which the particular V° could have
travelled in the chamber and still produce & visible decay). This inter-
pretation assumes only that the path of the V° is approximately that
essumed in the previous sections and implies that the mean life is con=
plderably shorter than the time recuired for the V° to traverse the
chamber and of the order of 3 x 10™-0 geconds in the lab system, (ii) Most
of the Vo-rarticles originating above the chamber show evidence (the small
angles of thelr Vitraekﬁﬁr%hu minimum ionization and high momenta of the
secondaries) of high velocities., If this is the case and if low velocity
Vo=particles are also frecuently produced (as in the cases apparently
originating in the plate in the chamber), then we conclude that the rest
life time is short compared to the time required to travel the distances
from A to the chamber, and only particles with large time dilatations
reach the chamber, (iii) Particles produced at a distance 1 above a

chamber of width 4 have a probability of decaying in the chamber given by

.~Q/gc?b a-d/gcfo

(l" )a

where 2 is the ratio of momentum to mass for the V° and To is its mean
life at rest. If To is less than 10'10/3 seconds oy greater than about
5 x 1078/g seconds, then this probebility is less than 0.0l where 1 and d

are roughly the distance from the top of the chamber to A and
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the diameter of the chamber. If the probability of observetion is less
than 0,01 then there must have been zbout 3000 V° particles directed at
the chamber produced in these showers, If this were the ease, then for
the small lifetime one would have expected numbrous observations of V°
particles associated with sters in cloud chambers and photographic
emulsions. If the lifetime were large then one might expect to observe

V tracks at large distances from penetrating showers, and their secondaries
mist comprise ebout one third of the charged particles in such showers at

large dis%ances from their origin.

Momenta of the V°-Particles

In order to make a more detailed calculation of 4% based on the
data iu (1) it is necessary to know the type of decay process as well as
the value of g for each case. Since there is little dirset information we
have estimated g on the assumption that the V°® particles are all of the
game type)docaying with the same mean life into two pi-mesons. We have
usad a mass of 780 electron masses for the V°, It now appears that there
are pogsibly two different decay schemes aﬁd certainly protons among the
dsezy nroducts. We shell, however, present these ealculations in order -
to demonstrate the method and the orders of magnitude involved.

For the cage of a decay into two equal mass ssecondaries it is
easily shown that when the velocity of the V° exceeds the ejection
velocity of the pi-mesons there is a2 meximum angle f in the lab eystem
for any momentum D, of the V°, Also for any sngle less then this maximum
{abont 82° Por my = 750 electron masses) there is = maximum value of g

given by

Brax = ("§§ esel ¢ -1)%



46

We see that fér most values of ¢. Enax is about proportional to my and
varies less than a factor of two for the range of m, values from 600 to
900 electron magses.,

In Pigure 12 we have shown the probablility of an angle greater
than P as a funetion of P for verious values of the V° momentum. These
curves were obtained by caleulating the value of ® eorresponding to an
andle & 4in the CM system between the directions of the V® and the pi-
meson , weighting these angles § according to the sin a, and graphiezlly
integrating to obtain the probabilities plotted. It is clear that for
sbout 90 per cent of the cases the angle § lies within a few degrees of
the maximum value of ¢ for the given Pys and that for most cases g must
be very near to ‘bax for the given angle ¢. We have used the values of gpay
in ealeulating the lifetime unless there was some more direect information
from ionization or curvature, but in no case was a value grester than seven
taken.

If these calculations were repeated for the case in waich a
proton is one of the deeasy products, then the asymmetry of the decay would
produce additional complications, espeeially in the region where the
velocity of the VO ig greater than the ejection velocity (in the CM system)
of the proton but less than that of the meson. Since, however,t he energy
release is probably a much smaller fraction of the total mass of the VO,
we can see that in general somewhat smaller values of g would be obtained
and hence a somewhat longer mean 1life. However, since g must be almost one
for the cases where both decay products are relativistiec, and since the
valucs of g used were no larger than seven, the lifetime should not be off

more than a factor of about two on this acco@nt,
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A Lifetime Calculation

Using the values of g calculated as above we have converted the
distances d and x to times in the rest system which we shall refer to as
To @nd %, respectively. ‘hese times are the "maximum observable life"
and “"observed life" in each case. The steps in the calculation of the
mean life are given in Figure 1ll,

Curves I and II give the rate at which particles are observed
to decay as a function of the time after which they enter the chamber. I
is calcoulated using simply a mean value of k = 1/g %o convert from x to
toe It represents essentially the raw data, The vertical éeale for all
three curves I, II, and V is logarithmic,but the absolute values are
arbitrary. Actually the curves should be nearly superimposed. The statis-
tical error in the points is ahout the same for all three and is shown for
Ve Curve II shows the decay raie again but here each distance x has been
converted to a time using the value of g calculated for that case as above.
The value of 7Y, taken from the slope of curve II must be corrected for the
fact that due to the geomeitry of the apparatus many particles pass out of
the chamber before decaying and all values of ¢, are not equally probable.

In order to correct for this effect we have plotted im curve III
the number of cases with T, greater than a given time against the time.
Within the statistieal uncersainties this is a first approximation to the
number of particles which can produce a visible decay with a value of to
greater than the given time, This, however, must also be corrected since
particles with large values of 4 are more resadily observed due to the
higher probebility of decaying in the chamber. Curve IV is the corrected
version of curve III, where the correction was made according to the for-

mula on the figuro.al is the slope of curve III and was calculated graph-



ically, The effect on the finally caleulated value of Teproduced by the
approximate vzlue used to make this correction is very small, and indeed
the process can be repeated through a set of converging steps if the
effort 1s warranteds The corrected curve IV, Gy (to), ig then the number
of perticles which traverse the chamber in such & direetion that they can
stay in the chember for a time greater than t..

We can now write the observed decay rafe as a function of tine,
N(t,), in the form

N(to) = Golbg) e bo/T
Te

Now the log N(ty) / ¢{to) should be a straight line if plotted ageinst tge
We have shown its values in curve V. The velue of the slope gives T
Here Yo= 1lo3 x 10710 sac with a probable error due to statistical uncer-

tainty of about + 5070

The sbundance of the V°~particles

In order to caleulate the abundsnce of the Vo=-particles it is
necessary to know the relative numbers produced at various distances above
the chember and with various momenta. I the statistics were improved, we
could estimate the number of particles of each momentum which decay im the
chamber, Hrom this and a kuowledge of the total number of V-particles pro=
duced at each distance above the chiamber the momenbtum spectrum at production
could be calculateds We can for the deta available calculate at least a
meen observation probability for intermediate momenta with a mean value of
1/g =bout that for the cases observed, Assuming that the V° origins are
distributed almost uniformly in the lead above the chamber gives a mean

observation probability of about 0,1 for these momenta. There were thus
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an estimated 350 such Vo-particles vroduced in ‘he showers above the
chambor and directed towards the chamber. In the same photographs there
were about 15,000 charged penetrating shower particles which entered the
chamber, Thus ahou¥ one VS8-particle is produced per 40 penetrating

shower particles or about one per selght showers.

The Ve-Particles

Hore agein the data available is quite scanty, especially for
statistical arguments. It appears that sither these particles are pro=
duced much less frequently then V°-particles, or have a mean life shorter
by a factor of at least 1/3, or perhaps show a combination of both
effects, The large numbers observed from the plate relative t¢ those

obzerved from above would tend to suggest the shorter mean life.
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IX.  SUMMARY

We coneludes
1. The Vetracks observed here require the assumption of a new deecay
process. They are not eonsistent with any phenomenon whose frequency
is dependent upon the density of nucleons. No more than 10% can be

explained in terms of any known process.
2. V° and VE particles exist and decay to zive the observed Vetraeks.

3. fThe Vepartieles are produced in muelear disintegrations in the lead
usually in the very energetic reaction producing the penetrating chowers
but frequently in the lower energy stars produced by the shower secondar-

jes.

4, In the energetic reactions there is about one V% particle per 40

charged shower particles. Hore than one V© can be produced per event.

5. The deeay products do not inelude electrons or any particles much

iighter than ordinary mesoas.

6. The Vo=particle deeays into two charged secondaries of unit electrmie

charge and opposite sign and perhaps one or more neutral secondaries.

7. The measurements of the masses of the decay particles are consistent

with the deecay schemes:
¥v© — proton 4+ negative meson

v positive meson + unidentified negative partl ele

8. At least one of the decay particles of the v“-partiele has a nuclear

interaction eross section in lead of about the geometiieai sige of the

nucleus,



652

9. fThe V° mass eslculations are not consistent with a single two-body
decay procesc. They are at present consistent with two two-body deecay
processes including one in whieh the energy release is about 40 lev and
one in which the energy releuse 1s 100 lMev at least. They are also cone

sistent with a three-body decay.

10. The V0 particles decay with a mean life of about 1 x 10'10 sec.
This is probably correct within a factor of two for any of the sug-

gested decay schemes.

1i. The V*-particle produces one visible decay partiele, of ghe same
sign and of unit charge. This particle is not an electron. The energy
release is at least sufficient to give the charged partielexg momen tum
of 100 Mev/c in the CM system. The lifetime of the V' Particie mst be
shorter than that of the VP-particle by about a faetor of 1/3 or its

production frequency less by at least the same factor,
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Appendix A: -~ An Optimum Target Thickness

We wish to calculate the thickness of lead for which M verti-
cally incident primaries will produce the meximum number of V°-particles
emerging below the lead., Assume that the V°-particles and all other
shower secondaries travel vertically downward.

The primaries interact with 2 mean path of = l1l5em of lead to
produce showers of say m= 10 particles (charged and unbhargcd) ag well
a8 n = 1/8 Vo-particle. These numbers represent roughly the average
number of particles which enter the chamber in these showers. The V°-
particles decay with a mean path 1 = 3g. The shower particles again
interact with a mean path and produce about £ = 1/100 V°-particles and
no other particles ensrgetic enough to continue reactinge This value of
£ is estimated from the number of stars observed in the plate and the
nunber of V°-particles which originate in the plate corrected for those
which are not observed. This value of f is quite uncertain.

Now let x and y be distances measured upward from the bottom
of the lead and used to locate primary and secondary reactions respectively.

Now we can write for N, the number of uor@ng Vo-particles from a layer of

thickness t,
t _an - BrX
N=§ e (%"- e a ﬂx)
T orex - 412 X~
s s § . encH
A ™m e o a

This can be integrated and simplified to give



N= e g g L0~ )

A =1 y
. oF 5
e

The Tirst term in the brackets has a maximum between 0.4 and 0.9

as g varles from 1 to 4, The second term has its maximum at "
For £ = 1/100 the second term dominates and for f = 1/200 the first
term dominetes. Thus we see that the optimum value lies somewhere
between about 10 and 15cm of lead. If we include the possibility of
oblique traversals the optimum thickness must be somewhat reduced,
The values obtained for N/M are of the order of .05 ai the maximum

for small go
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Fige. 1. VO decay. PL4=66.
V° possibly originates in the
nuclear disintegration visible
in the plate. The large angle
(68°) indicates a large decay
 energy.

Fig. 3. V° decay. P42-77.
Origin of V° in the star requires
decay products of unequal mass or
a three-body decay.

Fign 2e Vo decayc 5—1210
V° appears to be part of the
shower. Both particles traverse
the plate without producing
visible secondaries.

&\

Fig. 4. VO decay. P43-86.
High ionization of both products
indicates a small decay energy.
May be a case of pi-me decay.



Fige 5. VO decay. 5-438.
Particle 1 is probably heavier
than a meson.

Fig. 7. V decay. 5-128,
Particle originates inostar.
Deflection angle is 40 .

Fig. 6. VO decay. 1l-66,
Particle 1 is negative with a
momentum of 74 Mev/c and an ioni-
zation of 2-4 x min., indicating
a mass between 150 and 350 m_.

a

Fig. 8. V decay. 1=331.
Particle originates in star.
Small deflection angle (70)
may be due to scattering in
the gasSe





