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ABSTRAGT

In 2 set of 23,000 cloud chamber photographs taken in a study
of penstrating showers, 134 examples of the decay of neutral Vepar=
ticles were observed, Thess have besn anslyzed in an endsavor to
detarnine tha properilss associated wilth this phencmenons

It 18 apparent ln the great majwrlty of cuses that the two
charged desay-producis are protons and nsgative /Temssons, There
is, however, a significant number of data avallable to indicate the
existence of other charged decay-products; the poor quality of thess
events has, unfortunately, prevented an interpretation in terms of a
decay schenme,

No direct evidence has been observed which indisates the sxistencs
of neutral secondary particles, and the atatistical data are consistent
with a two-body decay schene,

Q=values have been calculated under the assumption of a twowbody
decay into & negatlve 7Zemeson and a proton; these values rangs from
10t3 Mev to about 87415 Mev, It is exceedingly difficult to reconcile
the observed results with any unique Q-value,

Other intereating events which were observed in these expariments
included charged Veparticlss and heavy mesons, A brief analysia of
thess events has also been included,
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I. INTRODUCTION

In the few years since V-particles were first obeervedl in cosmic
ray penetrating showers, thelr existence has become firmly establiahedz,
and some of thelr properties have been determined<™ . This thesis
repregents a contlouatlon of the study of these propertiss, in par=-
ticular, a study of the mess of the neutral Veparticls. Hereln are
reported the results of an anelysis of 134 cases of the decay of thess
neutrel Veparticles which oocourred in a set of 23,000 clcud chamber
photographs. These results seem to indicsts a rather great complexity
in the phenomens asscciated with this decay, and do not provide complete
answers even to suchk obvlous questicns as thoss concerning the number
and identity of the decay products. It would seem that unembiguous
answera to even the simplest questions will require the analysis of a
great many more cases if new equipment and improved experimental
techniques are not forthooming,



" 2 =
Ile APPARATUS

Cloud Chember

The apparatus used in these experiments was a counter-controlled
double cloud chamber operated in a magnetic field, the double aloud
chamber conslating of two idenmtlcal oloud chamber units placed one on
top of the othare Figure 1 18 a photograph of one of these assembled
pnita, Each chamber was rectangular in shape, the interior being
approximately 33 em wlde, 19 am high ard of 12 cm illuminated depth.

The sotual construction of each chamber is shown in the aeriés
of dlagrams in figure 2 and is described in the paragraph accompanye
ing the figure, Each chamber body wes fabricated out of flat plates
of bress, the plates being held together by mesns of brasa screws and
all sesms being made airtight with acft solder, The brass body was
brightechrome plated inside to improve the illumination of the cloud
chamber, As indicated in figures 1 and 2, the front and one side of
this chamber body were enclosed with 4" plate glass. The rear of the
body was enclosed by & movable aluminum back plate. The expanded
position of this plate, which was constantly being forced outward by
the gas pressure within the chamber, was determined by fixed stops
attached tc the chamber bodys. With the expanded position thus fixed,
the expansion ratic contrcl was obtalned by controlling the extent of
the compression of the chamber, Thias was sccomplished by means of a
compressed-air piston assembly fixed in the magnet yoke; the expansion
ratio was adjusted by varying the extent of this pilston moticn. It
was found to be extremely important thet each chamber have an independent
expansion mecheanism sc that independent expansion ratic control could be
mainteinede An earlier double cloud chember unit utilizing a single

platon and eoxpansion ratio mechanlsm tc simaltanecusly contzrol both
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legend for Fig, 2.

Needle valves.
Bress chamber body,

Glass wirdow through which the interior of the
chamber is illuminsted, (1/2 inch plate glass)

Aluminum back plate (movable).

Neoprene section somnecting movable back plate to
the chamber body.

Steps to limit the outward expansion of the beck
plate .

Bakelite plate which Insulates the compression
pisten (H) from the slumimm back plate,

Aluminum compression piston.

Front glass window (1/2 inch plate glass),
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chembers was found to be cwumpletely uusatisfactory.

Under operating conditions the chambers were filled with pure
Argon ges and a saturated mixture of 65 percent ethyl aleohol and 35
percent water 4o a total gauge pressure of 20 em of Hge Under these
conditlons an expansion ratic of aboui 1.07 proved satisfactury,

Illumination

The illuminatlon necessary for photographic purposes was provided
by e single linear querts flashiube situated to the left of the chambers,
500 Joules of energy being used per exposure. Idght frem this scurce
was first collimated into a uniform beam by a syastem of cylindrical
lenses, and was then allowed tc pase intc the chambers, The above
mentioned chrome plating on the intericr of the chambers served a dual
purpose: It incressed the light intensity and at the zams time made
the illuminetion throughout the chamber more uniform., In this connec~
tion it was found that chrome plating was superior to silver plating
in spite of the greater ccefficient of reflectivity of the latter,

Thia was due to the fact that the silver plating produced a mild polscme
ing of the chamber, prcbably because of the low photeelectric work
function of silver oxide.

In order to keep light from seattering diffusely from the back
plate of the chamber and thus from eventually fogging the film, a
special treatment of this plate was necessary., The aluminum plate wss
first polished and was then treated to produce a black anodized surface,
Finally, a thin layer of clear lacquer was applied, The resultant

surface proved more satisfactory, photographically spesking, than dild
black velvet,



“ 7 ow
Photography

The anodlasd back plabtes of ths two chanmbera provided the backs
ground agalast shich the droplets wers photographed by means of a
eingle stsrscaooplo osuera. Flgurs 3 1s a photograph of thls cunera
which 733 constructsd to inoorporate 3 leasses. Two of Lhe lenass,
mounted on the frond of the camers box with lsns saatars 14 em apari,
wera uged to obtaln starsoscoplo photographs of the shambers. No
shutters wearse prévida& for these lensea, Instsad, the csmera was
fitted with 8 lighi tight box so that the film would be expossd caly
when the {lashtube was energlzed, The third lens, placed on the slde
of the cauera boxz, was used to photograph a dsta panel which sxhibifed
such information as the frame munber, the current flowing through the
magnet windings, the time and the dats. Thlas lens was fitted with a
shutter mechaniom which operated in conjunotion with the txriggsr wnld
of the eleotrpunics squipment 28 will be described later, Ths cazers
film advancs also operated in sonjuction with this trigger unli,

The data panel and the two atereocscoplc views of the chanbera wera
all photographed on the same roll of 70 mm Kodak Iinagraph Pan film
using a lens opeaing of £/11 and a £ilm magnification of 643X from
£ilm to oleud chambors; thia magnifiesntion corresponded to a distancs
of 93 om as measured from the lens centers to the back plates of the
chambers. The Linagraph Pan film, when developed in D-19 devaloper
for about twice the recommendaed time, proved quite satlafactory.

Magnet

Figurea 4 and 5 show the arrangement of the varlous physical

compononts neceasary for the automatls operstion of the doubla olond

chamber. These photographes were taken iaside of the traller used to
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Ilegend for Fig, 4.

Stersoscopic camers.

Camersa stend end light tight compartment commecting
caners and magnet frenme,

Hoses asscciated with thermostatting of camere well,
Magnet yoke.
Magnet eoile and associsted cooling pads.

Thermostatted ocopperwlined cellotex box enclosing magnet
alr gep.
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' pouse the oomponentss

The magnet is shown sketohed in figure 6, The magnet yoke was
fobricated out of & number of large rectangular pieces of iron which
were bolted togsther to form the final configuration shown. Strips
of copper were then wound onte the pole pleces 4o form ihe magned
eoilg. Under operating conditions, 13 kilowatte of power were fad
into these colls with the rssult that an induotdon of about 5000
gauss wes produced throughout the gap.

Thermegtetting

The problem of temperature regulation was, of course, extrenely
importsnte The colls themselves were water-ccoled, seversl stainless
steel jackete, through which cold water was forced, being an integral
part of the conmstruction of the colls, The thermestetilng of the
chanbere to elimindte track distortlon was a considerably mcre difficult
problems For this purpcse the magnet pole pleees were terminated in
rectangular pole faces which were thermostetted to within +0.1° G.
This thermostatting was made more effective by insulating the pole
pleces from the pole faces by means of small bakelite spacers as
shown in figure 6. In additicn a thermostatted copper-lined cellotex
box, shown in figure 4, wes added to enclcse the chambers, the light
gsource and the pole faces, and thus to further shield the chambers
from cutside temperature gradlents, It was, of course, impossible
to enclcge the fronts of the chambers since photographs had to be
taken here. Originally nothing wag done to improve this particular
phage of the thermostatiing problem and resultant photogrephs showed
distorticons due to fluctuations in the temperatures of the glass plates
on the fronte of the chambers. To lmprove this situation, a thermostate
ted copper-lining was fitted into the camers well; the input and exit
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| téterhoée& assoclated with this lining can be seen in flgurs 4o
o In spite of these precauticns, distorticns wers sometimes present,
so that the maximum deteatable momentum for long tracks varied from
: sbout 2 Bev/e to about 5 Bev/ce
‘ Counters, Abscarbers

The arrangement of the counters and the lead around the counters
is shown in figure 7, This particuler arrangement was adopted because
ahigh percentagé of penetrating-ghower events was cbserved, and becauss
the specific events of interest, Veparticles, seemed to be clcsely
asscclated with these penetreting showers. The top tray of six 1" x 1z
counters was well shielded against soft radisticn by 10 em of lead abovs,
5 em of lead below, and by the magnet windings at front and resr. The
lower tray of six 1® x 12" counters was located immediately below the
lower chamber and was shielded only by the chambers and the magnet
windings. Suc;h shielding was necessary to prevent the triggering of
the clcud chembers on low energy events such as electron showers.
Becsuse of the extremely short lifetime of the Veparticlea, it was
necessary that the lead absorber be placed as clcse as possible to the
cloud chamber in order to minimize the loss of these particles through
decay. The rectangular shape of the chambers was well sulted to this

Purpose,
Electronics

The pulses from the two trays of counters were fed into a palse-

. which was used to select events

in which any n or more counters of the upper trsay, and any m or more
counters of the lower tray, were discharged simmltamecusly. Such
an event 18 here called an n-m goinoidence, When the preseribed
soincldence had oocurred, & pulse genersted in this electromio
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Figs 7. The arrangemen® of counters and lead absorber around the
eloud chambers. Only the inner walls of the cheambers are indicated;
the pole atructurs, yol

2 and magnet windings, whioh constituted
additional absorber, ars not shown.
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soincidence unlt was fed into the trigger unii and there 1t dnitiated
the usual sequence of operations, including, (1) removal of the chamber
swasp f1e1d, (2) expansion of the chamber, (3) triggeriag of ths fliashe
tube, {(4) operstion and cyoling of the samera, (5) cyellng and recuvery
of the chambers,

The sweep fleld, which was alternately «150 volts aud 150 volts
with a period of approxinately 15 8aconds, was, of courds, removed
impediately. Likewise, each chamber was immediately expanded, the
expansion being initiated by means of & condenser activated solanoldal
valve, The expansicn time of thess chamwbers waa spproximately 16
millissconds., The flashtube was triggered in a conventional mannar;

a condenser in the trigger unit wes discharged into en aatomoblls
ignition coil, and the output of the coil was in turn spplied to
metaliic electrodes placed next to the flashtubs, 4 delay of approx-
imately 100 milliseconds was introduced between the expansion of the
Chambers and thils light flash in order to allow for sdequate track
growthe 4n additional delay or hold airecnit was incorporated into
the trigger unit to prevent any pulse from reaching this unit until s
speoified time, variable from O to 240 seconda, had elapaed since the
activating pulse was received. This oircuit provided a minimum period
betwean chazber expansiona, and allowance was thus made for sultable
chanber recovery., The optimum length of time for this recovery was
quite thoroughly inveatigated and a value of sbout two minutes was found
to be most satisfaetory.

Sinee the equipment was designed +o operate sutomatically for
relatively long periods of time, suttable safety devices were incorporate
od which would shut down the entire epparatus in the event of any marked
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deviation from normal operating sonditlons, Thus, protection was
afforded against (1) elsctrical overloads, (2) exceasive magnet
current, (3) excessive magnet temperatures, and (4) inadequate flow
of magnst coolant, sin,
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IIT. OPERATION
Paaadena

The initial phases of the work were conducted on the Institute
Campus in Passdena, &t 220 m elevation. Since the purposs of theds
gtudies waa to coutlous the work on Vepartloles that had previously
been conducted at ths Instimmz, and inagmuch as previcus experiments
hed indicated that Vepariisles were usually assocliated with pesneirate
ing showers, the aoineldence unit was adjusted to trigger on such penw
etrating events, To asscomplish this a 1l-3 colncldence was adopted;
the sorresponding couzting rate was aboat 4 hr™Y, but dus to the faob
that about two mimutes recovery was allowed after each expansion, dure
ing which time a colncldence could not actuate the chember, the aclual
plcture taking rate was alightly smaller,

Mt, Wilson

Aftar & period of successful operstion had been concluded at
Pasadens, 1t was declded that ancther location at greater elavation
would be dealrable, This deolslon waa motivated by the fact that
penetrating ahowers are highly altitude depandent and by the fact
that the cosmic ray equipment was portable. The Mt. Wilson Observe
atory was selescted as the new loostlon beosuse it was felt that year
around operation at the moderate altitudes afforded by Mt, Wilson,
1750 m elevatlion, was more promlaing than summer expeditions to higher
peaks .

There were, of course, special problema asgoclated with the new
location. 7Perhaps the moat serious of these was the problem of cools
ing the magnet windings, In view of the critiesl water shortage on
Mto Wilson and in visw of the fact that several gallons of water must
be passed through the cooling jackets per mimute, a olosed circulating
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f ,ygﬁem was finally adoptede This aystem utilized a 50 gallon drum

 for storage, two large radistors with fans to control the temperature
and a large centrifugal pump to continuously circulate the cooclants
. The coolant conslsted of a mixture of distilled water and rust prevenim
ative, Durling the winter monthe an snti-freeze mixbure was added.

Figures & and 9 ave photographs showing the physical arrvangement

of the equipment at Mt., Wilson under actual operating conditions, 4s
'hgd‘bean the caaé at Pasadens, & 1-3 coincidence was used to trigger
the apperatus; this corresponded to & counting rate of 12 hr=l, instesd
of 4 hr™! ag had been the case at Pasadens. later a 2=3 coineldence
requlrement was adopted, corresponding to a counting raﬁe of about 3.5
hr™, As was menticned previously, a chamber racovery pericd followed
each expansion and thus the actual picture taking rates were somewhat

less than the above rates,
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Legend for Fig, 8

This photogreph was taken from one of the Observatory

towers;

a porticn of this structure is visible in the

photograph.
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Treller housing magnet used in these experiments.
Figures / end 5 were taken inside this treiler,

Trsiler housing smaller msgnet,
Redietors used to cool megnet water.
Obzervatory reservoir,

Former telescope building., Now used to houss
motor-generator set,
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IV. ERESULIS

The results to be desoribed are based upon & total of 23,000
photographs of which 14,000 were taken at 220 m elevation with 1-3
colncidences, 7000 at 1750 m with 1-3 colucldences and 2000 at 1750 m
with 2=3 colncldences.

Penatrating Showera

Inasmuch a8 esrlier exparimentag had indicated that Veparticles
were olossly asscoslated with panetrating showers, coincidencs require~
ments were selasted which tended to trigger the apparatua whenever
sach events cccurred. At 220 m, about 8 percent of the photographs,
while at 1750 m, about 20 perceant of the l-3 photographs and about 40
percent of the 23 photographs showed penetrating showsrs (l.ee phoios
graphs showing two or more collimated, time asscciated, non-slestronie
particles). The figurea here glven represeant lower limite to the per=
centage of cases in which the chamber was acituated by a pemetrating
shower, for many additional photogresphs showed slow protons and mesona,
or other evidences of a pensirating shower, Theas, however, wers not
sounted in ths above statistics bessuss they fallsd to mest the definition
adopted above,

V-Partiocles

In this set% of photographa, & total of 134 nsutral Veparticles
and 18 charged V-particles were observed to decay., Figure 10 is a
photograph of a typical neutral Veparticle decay™, while figure 11 is
a photograph of & typical charged Veparticle decay. The assocliation of
these decaya with penetrating shower events 1s quite cbviocus.

* The statistlcs assoclated with the neutral Veparticle decays are
summarized 1n Appendix I.



Fig, 10, (Case #17685) Example of the production of a
neutral V-particls by a single charged particle., The

statisticas associated with this case are summarized in
Appendix I.



of a charged V-particle, The charged V-particle is indicated

by an arrow. The other decay on this photograph is mrobably
8 charged T-narticls,




- 27 =

| 48 has prevlicusly been mentloned, the analysis of the neutral
Veparticles will be the primary effart of this paper. However, a
similar, though lsas exhaustive, analysls of the charged V-particles haa
been included In Appendix I1.

Heavy Mesons
Some of the secondary pariloles obassrved inm pensirating showsr

svents seemed L0 be leas masslve than protons and yet certalaly mora
masslve than 7-mosons. In addltion, further evidence for the exlsiw
ence of such partlecles exlsts In the form of observed characteristis
decay phenomens. These putﬂ_.clss are here grouped undsr the 4title of
heavy mesons and will be considered in greater detail in Appendix III.
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Ve THE DECAY OF THE NEUTRAL V~PARTICIE

Ae Introduction
Production Statistiog

In the 23,000 cloud chamber plotures that wers taken during these
experimenis, a total of 134 neutral Veparticles, 7 positive Vepartislea,
and 11 negative V=partlcles wers observed to dscay, Ten of these phos
tographs showed more than one Veparticle: in 3 cases, two neutral
decuys; in 1 case, three neutral decays; in 4 cases, one nsutral and
one charged decay; and in 2 cases, two charged decays. Only in threa
of these cases, however, did the Veparticles appear to be prodused in
the seme muclesr event, Examples of typical Veparilcle decsys have
previcusly been shown in figures 10 and 11, Additional examplea are
shom 1in figures 12, 13 and 14,

If the 134 cases of the decay of neutral V-particles are clas-
sified sccording to the circumstances of their occurrence, one finds
that

72 occurred in penetrating showers whose origins were in the

lead blocka above the chambers,

37 were produced in nuclear interssiions (or stars) in the lead

plate between the chambers, and

25 occurred in the chamber, or wers not clearly associated with

auy nearby event,

Of the 37 stars in the lead plate from which neutral Veparticles
emarged, |

27 were produced by charged particles which wers themselves

penetrating-shower secondaries from a muclsar collision somew

where above the chamber,*

* In order to be sure that an event was actually initiated by & charged



Figa 12.

‘Jf)-particle decays., Two of the thres decays {Nos, 2 and

3) are in excellent allgnment with the origin of a
- maclsar event in the lead blocks sbove the chamber.

{Case 19063) A rare example of three neutral



Fig., 13, (Case #11373) An example of a photogenic neutral
V-particle deocay.



Fig. 4. (Case #23942) An example of two unrelated neutral
Veparticls decays, one near the top of the upper chamber with
origin above the chambers,and the other in the lower chamber
with origin in the lead plate between the chambers,



- 32 e

particle, 1t was required that this particle should hava bean visible
in the lower chamber, had it traversed the plate without deflectiom,
and that it actually be deflecied by at least five degrees at a poin%
coin:i.ding, within acouracy of measurement, with the nuslear event in
question.

6 were produced by single charged particles, unaccompanied by a
shower or other indicatlon of nearby nuclesr events, and

4 were apparently produced by neutral particles,

A glallar classification of the 18 charged V-particles showed that

9 occurred in penetrating showers whose origins were above the
chamber, and

9 were produced in stars in the lead plate,

0f the 9 stars In the lead plate which ylslded charged Veparticles,

8 were initlated by charged pemetrating-shower sasondaries, and

1 was produced by a single charged particle,

None of these stars was produced by a neutral particle,

It has bean genarally mipposed that Veparticles are produced in
energetic muclsonemicleon collisions, presumably with about equal
oross~3action in n-n, p=p, or nep collisions. The sbove statistics
indicate, however, either (1) that protons are many times more effece
tive in producing both charged and neutral Veparticles than are neuw
trons, (2) that energetic protons are many times more numerous than
ensrgetic neutrons, or (3) that meson-miclson collisions oan result
in Veparticle production. Of these alternatives, the last appears to
be the mosth asceptable in view of the large body of experimental
evidence in favar of charge independence of miclear forces.

It would thua appear that in these experiments the great majority

of both the neutral and charged Veparticles were produced by measonss
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Hwavér, this result does not necessarily indicate a larger cross-asce
tion for Veparticle production by mesons than for production by nucle-
ons, since the number of high energy mesons present in a penetrating
shower 15 knows® to be mich greater than the mmber of high energy
mecleons. Also, Vsparticle production by mesons does not necessarily
mean production by /7emesans, or by 7emesons alone, since it is
now thought? that, at the very high energles prevailing in the original
mwolear collisions with which we are here concerned, other heavier
mesons may be produced about as coplously as are /7 -masons,

4 second conclusion regarding V-particle production, nemely,
that they are probably not always produced in pairs, can be deduced
from the mumber of multiple Veparticle decays that were observed in
'blﬁs series of photographss For, if V-particles were always produced
in pairs with comparable lifetimes, one would expect to have seen
many more cased than were observed in which two Veparticles decayed
inside the cloud chamber; it is also perhaps significant to note that
‘the number of double neutral decays, in which the origins of the two
particles are different, actually exceeds the nmumber in which both
proceed from the same origin, This conclusion is, of course, based
on the asgumpilon that there is no competing neutral V=particle which
decays into a neutron and a neutral /T-meson; the existence of such
a decay scheme would considerably weaken the above arguments

Division of Effort

To expedite the complete analysis of the 134 cases of neutral

V=particle decay, an equitable division of effort, based upon the

characteristic properties of this particle, was reguired, Inasmuch
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as & division into thres parts was desired, this was accomplished by
considering the thres natural phases through which any unstable
perticle must pass, namely, creation, existence for a finite period
of time, and finally, decay. An analysis of the creation of this
particls ultimately results lu the determination of & group of prop=
srties which may be called the production phenomena associated with
the partlole; theae would include such obvious properties as crogse
section, threshold emergles, nature of inecident particles, eto, 4An
analysis of a neutral particle, based upon cloud chamber data and
restricted to the period between creation and decay, would ssam to be
a fruitless undertekings However, such an analysis, if properly
exscuted, oan result in the very important property of lifetime, Inw
asmuch &8 the production phenomena and the lifetime of the neutral
V-particle are most ably considered ehewharem'n, ouly & discussion
of the deoay phenomena will be considered im the remainder of this
papers

vallab 17

Befare attempting to investigate these decay phenomena, it is well
to pause for a moment and summarize the types of information that are
available,

(1) Stetistics: Statistics furnish one with the simplest and most
fundamental types of information available, inasmuch as measurements are
not required; classification and counting are the only opsrations ine
volved, The valus of this source lies in its very simplicity and inm
the fact that the mathematical laws governing such processes are quite
well understood. The materisl presented in the earlier sectlons on
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Productiaﬁ Statistics and Preliminary Conclusions provides an excels
lent example of the application of this source of information.
(2) Sre
which no measurements are required, the next simplest category would

Having disposed of the category for

be that for which only the very simpleat of measurementis are roquired,
This, it would seem, would be an investigatlon of the 3-dimensional
geometry, the characteristic angles and distances, assocclated with
the decay, However, befors such measurements can be made, it is
neceasary that a means of reproducing the original spatial relatione
ships from the stereoscopic photographs be found, Figure 15 illuse
trates schematically the reprojection system used. In this gystem,
which was optically identical to the camera syatem, the surfacs of
the viewing screen was made to correspond to the rearmost interior
gurface of the cloud chamber., Flducial marks, seribed on this ecloud
chamber surface and present on each photograph, were brought into
reglster on the screen~ thus assuring the spatlal correspondence of
these surfaces. 4 point, P, in the interlor of the cloud chamber
thus appeared upon reprojection ;8 two points, Py and P,, separated
by a distance Ax given by the formuls,

Ax % z 5/(D=2) (1)

where the symbols are defined in figure 15. In the present experiment
the guentitles S and D were, respectively, 14 om and 93 cme The
solution of this expression for z readily gives one of the desired 3=
dimensicnal space coordinates., The itwo remaining coordinates were
determined graphically with the aid of construction lines 1 and 2
drawn through P; and P; as shown. This abllity to find the spece



Fig. 15, Perapesctive dlagram of the geomelry of the reprojesilon
system, The two sterecscople views were veprojested through the
same opbtleal system as was used in the original cesmera, onto a
sereen perpendicular to the camers axes. A polat P, which lay at
the point {(x,y,) when photographed, thus projects into two polats, Py
and Py, on the screen,
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coordinates of any given poini completely determines the original
spstial relatlionship inasmuch as two points will determine the vectar
representation of a line segment and the application of the vector
vconcepts of orosa product and sealar product will enable the angular
roletionships betwsen two such segments to be found, To facilitate
these graphlcal constructicns, a sheet of tracing papsr was custonme
arlly placed upon the vliewing sersen onto which the two sete of
track images from the sterecscoplc photographs were projecteds
Careful pencll traces were made of the two track images of the parw
ticles on the photographs. The required graphicsl comstructions,
more of which will be introduced later, were then made on this sape
sheet of papera

(3) omentas: Another geomeirical property avallsble
was the curvature of the track ., The momenta of thé churged particles
were determined from the measurements of these curvatures and a knowlw
edge of the magnetic field, In order to make these measurements
sufficlently precise, 1t was necessary to incorporate certain refine~
mente which have been neglected in previous cloud chamber work, It
has usually been asaumed that the magnetic field, although not constant
in strength throughout the chamber, is at least unldirecticnal, and
that ‘bhé radius of curvature of a track on the fllm corresponds to the
radius of curvature of a helix whose axis 1s parallel tc the magnetic
axle, Neither of these assumptions 1s striectly correct, for actually
the field may have sizsble componente transverse to the magnetic axis,
and also the track image on the film is not an orthogonal projection of
a helix onto a plane, but is & projection through a point (l.e. through

the lens aperature) ontoc a planee An exact expression, which takes
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both of these effests into account, has been derived relating the trus
nomentum of & particle to the measured curvature of ite track on the
film, To meke use of this exact relaticnship,it was necessary to
; amsasure the three reciangular

components of the magnetie field throughe
out the chamber, and thus o make allowance for the direction of the
magnetde fleld as well as for the varlation in its axial components

In the applieation of this formula to the track messurements, the only
asgunption involved is that the measured aversage radius of curvatuvs
over the length of the track 1s equal to the true radius of curvature
at the center of the tracke The corrsction arlsirg from the use of
this more exact forsmla was found usually to be about 5-1C percent,

tut in some cases was as great as 20 peraent,

The curvsture of & track was measured on each sterscscople view,
and a value of the momezatén was calculated from each measurement, In
sach case an uncertainty waes assigned whose size was appropriate to
the length and guallity of the track. These two values of the momentum
were then combined to obitain the final messured momentume The final
uncertainty was taken to be somewhat leas than that of either of the
individual meertainties; but was always large snough to include
both measured values, and was never taken to be less than the error
to be éxpect,ea from multiple scattering or less than F/40 percent
(P in ﬁev/e,);

4
ter of particles le provided by a determination of their specific icne

zatiens Further informaticn as to the charace

izations The accurate messurement of ionization iz exceedingly diffi-
oult, even in cases where the droplets aleng the track are actually
resolveds Fortunately, a consldersbly larger error can be tolerated
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in the ionization than in the momentum (for icnizations greater than
twice minimum) to obtaln a mass measurement of given accuracye In

the present experiment, the specific ionlzations for individual tracks
| were estimated independently by two or more observers, and were svalu=
ated a sscond time by the same cbeervers ssveral weeks later, The
estinates were made by visual compsrison with other tracks on the same
photographa whose icnizaticns were considered known. Tor exampls, a
straight penetrating shower-particle track ( > 1000 Mev/ec) was taken
to be at minimum icnization, while an electron track (50100 Mev/a)
was assumed to be 1.3 times minimume If a track appeared indietinguishe
able from such comparison tracks, it was assigned an lonization leas
than 1.5 times the minimum walue, In some cases a track appeared
definitely heavisr than a track of minisunm ionization, and yet not
as heavy as one of twice minimum; in such a case & value of l.l-1,8
times minimum might be assigned, A track whose ionizaticn was sbove
twice minimum ecould often be compared with heavily ionlzing mesons or
protons of known momenta and therefcre of known specific ionizatlcnse
In all cases a range of ionization wag determined within which all
observers oould agree that the actusl value almost surely lay, and
outside of whiach it was very unlikely to lie, Thla range of values
thus doss not represent a "probable error® or "standard deviation" in
the usual sense,

Inasmuch a8 the mass of a particle of unit charge is determined

from the momentum and the icpization by an equation of the form
M=F e F(I) (2

where P 18 the momentum and F(I) is a function of the specific lonization
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only, it follows {that the erver in the mass value that arises from
errors in momentum and lonlzatlicon 18 approximately

AY . Op, F .
g T 2

Thue 1t can be assumed thet the ervors in the estimate of lonization,
while perhaps rather large snd not subject to direct statistical
traatment, are at lsast independent of the identity of the particle.
This being the case, it was possible to evaluate the accuracy with
whleh specific lanlzation can be estimated by calibrating on heavily
ionizing 7Cemesons, for which the momenta could be measured very
accurately; this calibration also made it possible to investigate,
and pessibly to eliminate, any systematic errors which might have
been presente

(5)
information may be provided by observed changes in the curvatures and

Additicpal

the specific icnizations of particles under investigation., In the

present work such changes were occasicnally observed when the same
particle could be identified in both the upper and lower chambers,

If one attributed these changes solsly to ionizaticn loeses in the

absorber, deductlicns as to the particle identdity could be made even
if possible systematic errors were assumed to exlat,

(6) Interasctioms: Observed interactions in the lead abscrber
separating the chambers, or in the chamber gas, were very useful, For
instance, the presence of eleotrons could be established by thelr
characteristic miltiplicaticn on pasalng through the lead absarber.
Cn the other hand, the sbsence of this phenomenon served to indicate

the presence of a penetrating particle. S8Similerly, in identifying
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nasona, intersctions in the lead plute made 1t possible for one teo
distinguish between M= and (/-mesons, a feat that would have been
extrensly difficult if mess measurements alone had been utilized.
Finally, intersotlons in the chamber ges and in the abscrber might
serve to make known the presence, and possibly the identity, of
neutral particles or rays assocclated with the decay of these neutral
Veparticles,
Objectives

The investigaticn of the decay phenomena assoclated with the
neutral Veparticle can only be cconsldersd as completely successful
when the identity of all secondsry particles, ineluding possible
neutrel particles or rays, has been established, and when the mess
of the incident Veparticle has likewise beern determined, In the
sections that follow, the available information, as outlined above,
will be used in conjunction with the basic relativistic principles
of conservation of momentum and conservation of mass-energy in an

endeavor to determine these propertiese
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Be Nature of Deoany Producise-=Chargad Secondaries

A statistical analysia based solely upon the geometriesl properties

of the anentral V=particls decay and upon bthe asgumpllon that one is here
dealing with a imo=body dacay phenomenon will now bs undertaksn, Thls
will be based solsly upon the alzs of 8 rslative %o 8, {ses Tigars 15).

Oonzdder a btwo<body decay of a msutral V=particle of wmass Mg 1lato

charged partlcles of mass ¥+ and M, as shown in figure 156 In the

center of mass system (hencaforth denoted by CM) each particls has a

monentun P!, and the positive particle is emitted at an angle 8! with

respect Lo the directlon of travel of the neutral Veparticle, In the

laboratory syatem, moviag with spesd = /gc along the x=axis relativs

tc the CM sysiem, the moments are Py and P., 8t angles & and 9, with

the path of the Veparticle, The transformation sguations between the

laboratory system and CM aystom can be written in the form

whers

k4 .
(@) Po_= 52%;“ 2. 2::2 (452 + 2 - u3)]

(b) P...y = Pt gin @

(e} P-l-z = J

(4
{e) P_'y" =Pt ain Of )
(£) P,=0
2 - 0, =002 J¥ w2 - v w2 JF
A 2 (s)

2 M,

and whers all momenta, masses, and energiss have bsen wriiten 1a
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a. Lab. System

.._P’

PI
b. C. M. System

Fige 16, Momentum dlagrams of $he two-body decay of a neutral Ve
particle a8 seen in the laboratory system (eleud chamber) and in
the ‘center-af-mass systenm moving with ths V=particle.
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energy unlts, Application of the law of cogines to Pigure 16 gives,
P°2 + P+2 - P-z

(a) P"’x = Py coB B = =,

(6)

222 + P-2 - P+2

{b) Poy = P.cos 8, = &,

Inserting these expressions into Eq. 4(a) and 4(d), subtracting 4(d)
from 4{a), and dividing by P,, one obtains:

R A Ly B , 2P! cos &
Po? M2 ol

(7)

=ain29.-sin26+=sin (8. - 8:)
sin 28y sin (8. + &)

where the sscond equality follows from the law of sines applied %o the
mementun parallelogram of figure 16, and where 8¢ 1s the total angle
between the secondary tracks in the laboratory system.

The value of the guantity on the left of Eq. {7) has besn used by
the Manchester warkers’ as a criterion for the classification of neutral
V-particles into two groups, into which they assume that all neutral
V-particles must fall. Their notation, & , for this quantity will be
adopted hers. Thus

o o B2 P2 sin (6. - &)
P2 sin (8. + &)

(8

Eqe (7) indicates that, for a given mode of two-body decay, a given
speed Sc, and an isotropic distribution in the CM system, the quentity
X has an average valus equal to(khz - !L%)/Moz, and is uniformly
distributed, with amplitude 21"/!40/5 s on either side of the average.
The actual distribution of X for a given two-body decay scheme is the
result of & munber of such uniform distributions, each having the same
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avaraga value bul a different amplitude, because of the differeant
speeds, ¢, involved la the various cessss. The total distribution
thus should have a maxcimum at the value (M+2 - M_%oz and should be
symmetrical about this meximmn, Thus by evaluating X for those
cases in which & and €. can be measured, one can hope %o galn some
information as to the relative masses of the decay mroducts.

The values of X wers computed for the 60 cases for which the
orlgin of the neutral V-particls could be found. The distribution
of those values is shown in group I of Fig. 17. On the figure are
drawn several vertical lines, which correspond to the expected average
values of X for the various decsy schemes indicated in Table I.

TABIE I
Central valunes of (X and minimum amplitudes of ths
| X ~distribution for variocus decay products.

Decay Products Q Central Value Amplitude

No. | M+ (m) M. (mg) | Mev | (M2 = w2) M2 | 2P'/M,

1 276 276 120 0 o71

2 276 210 120 Re ) o73

3 500 276 50 22 ol

4 1000 276 50 49 32

5 1837 276 35 59 17

6 1837 210 35 o74 .19

The energy release oxr Q-value was sssumed to correspond roughly to
those obtained by dirsct analysis of the data*, The great preponderance
of positive values of X indicates that at least a large majority of
.thaae decays, if not all of them, ylelded a relatively heavy positive

* Qevalues will be dlacussed in Section V=D,
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legend foxr Fig., 17.

The distribution of ¢ for 92 cases of neutrsel Ve
particle decay is shown in Fig. 17. The quantity & is
defined in the text.

Group I 19 the distribution of those values of &
that were derived from the angles Q, and 8.,

Group II is a similar dlastribution, but in 4this case
the values of & were evaluated from the messured momsnta

onlya
Group III 18 & composite distribution,

The cross~hatched portion of each distribution indicates
the contribution made by cases whose positive particles, be=

ing heavily ionizing, were known to be much heavier than 7 -
mescnse The numbersd verticsl lines identify the average

values of X to be expected for the decay of a neutral V-
particle into particles whose masses are indicated in Table I,
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Fige 17, Distribution of O for neutral Veparticle decay.
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partlcle and a relatively light nezative one. It will be noted that
the data are certainly comsistent with, and the pesk in figurs 17
would tend to indicate the presence of, & neutral V-particle which
'deoays into a proton and & /7~ or . -meson. Further, the distribue
tion strongly suggests the exlstence of at least one other type of
decay, but 1t does not serve to identify clearly the nature of +this
latter achena,

4s indicated by Eq. (8), a distribution of ((~values can &lso be
arvived at if the values of Py and P. are known from measursments. In
group II of figure 17 are plotted the values of O for 62 cases for
which these momenta were measurable., This distribution is sesn to be
somewhat similar to that of group I and comsequently would result in
gimllar conclusions,

The difference in the shapes of the & -distributions of groups I
and IT can be explained in part by the difference in the selection
criterion involved. The sole criterion for the inclusion of a case in
group I was that it possem an origin so that the angles 6, and €, could
be measured. This distribution is, therefore, unbizsed, since the value
of X depends only upon the speed of the V-particle and upon the arien-
tation of the decay in the CM syatem. On the other hand, the criterion
for the inclusion of a case in group II was that both of the decsy
particles have measurable momenta. This oriterion tends to exclude
decays in which the V-particle, and hence at least one of 1its decay
particles, possesses a very high momentum. These excluded decays, for
the most part, will be those for which the momentum of the heavier
perticle would have been ummessurable no matier in what direction it
might have been ejected in the CM system, but some borderline cases
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ﬁiil also be excluded in which the momentum of the heavy particle was
unmeasurable only because it was ajected in the forward direction in
the OM syatem, Thas the sharp peak would be less proncunced, and the
center of gravity of the districution would be shifted toward the
gmaller values of OC ,

A composite X =diatribution is showa in figurs 17, group IIl.
This distribution was construcisd by combining groups I and If, Im
the 30 cases in which OC was known both from angle division and from
moments, that value was used that was considered to be the more
acourate,

The cross-hatched portlons of the three O -distributiocns rep=-
regent the contribution of those cases whose positive particle was
identifiable as being much more massive than & 7T= ar A/-msaon,

The aelection of this subedivision 1s of course statistically bilased

sines it will tend to favar those cases in which the poaltive particls

i1s ejected backward in the CM system, These cases correspond to neg=

ative values of coa 9' and henoce to smaller than average values of X ,
Measured Masses

Unfortunately the conoclusions of the previous sestlon are based
upon the asgwmptlon of a two~-body desuy, and must for that reason be
held in Abayanoe pending confirmation, Thus it is useful at this time
t0 undertake an analysis that is not subjeot to similar limitations;
such an analysis is the diresct determination of the masses of the
secondary particles from a knowlsdge of th:air momenta end spesific
ionizations.

In 87 of the 134 neuntral V-decuys, it was possible to measurs the
momentun of &%t least one of the decay particles, Some of thess particlea
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wore also heavily ionlzing so that estimates of their masses could be
made. Many of the particles, on the other hand, were essentially at
minimum lonizatlion so that only upper limits could be placed on their
masses. These limits often served to distingulsh between "heavy" snd
"light" particles, and thus permitted a rough classification of decays
acoording to the relative masses of thelr seconderies, as shown in
Table II; in this table, 700 my represents a useful, but neverthelsss
gulte arbitrary, dividing poiant., In sach of the 42 cases of group 1b

TABLE II
Clegsification of Secondary Particles in V° -decay
M. 1 2 3
N, H. <700 mg| Mo > 700 mg | M. Indeterminate| Total
N <L 730 g 2 1 4 7
X, > 790 m 22 0 3 15
M, Indgtermimte 29 0 6 35
Total 73 1 13

the positive particle, because of its ionization and momentum, is
definitely known to be heavier than the negative particle, One can
conclude in sddition that the majority of the 29 positive particles

in group lc, which are at minimum ionization, must also be more massive
than their companion negatlve particles. This conclusion follows from
the relative populations of groups 3a and lo, which would be expected
to be equal for any decays which yleld positive and negative pariicles
of equal mass. Thus the direct mass determinations would indicate
that not over 10 percent of these decays could yleld particles of

equal masse
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Three of the cases appsaring in Table II are of special interest.
Group la seems to indiecate the existence of decays of the type postu~
lated by the Manchester Grouwp in which the two products have equal mass,
whlle the single case in group 2a seems to indicate the exlstence of
decays ieading to a light positive particie and a heavy negative one.
These thres interesting cases wlll be considered in some detail later
in this seciion.

The measured masses of the secondary particlea, as determined by
their measured momenta and estimated ionizations, are shown in figure
18; only those cases in which & particle was heavily lonizing ave
representeds. All cases represented in the diagram are plot%ed a8
rectanglea of the same areae, whoss widths correapond to the mass
ranges derived from the central values of the measured momenta and
the extreme limits of the ionization estimates.

The most striking feature of the dlagram is the peak carresponds
ing to the mass of a 77-meson. As was previously pointed out, the
error in the mass measurement of a light particle 1s determined almost
entirely by the error in the ionlzation estimate, The sharpness of
this peak thus indlcates, not only that the negative particles are
most probably 77 -mesons, but also that the estimates of ionization
were aufficiently reliable, statistically, to distinguish 77-mesons
from A -mescns,

It ig also to be noted that the mass distribution reaches a
maximum &t a value somewhat lower tham a proton masa; after considerable
study of the measurement technique that was used, it was concluded that
this does not necessarily indicate & mass lower then that of a proton

for all thess particles. In fact, 1t 1s believed that the great
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mjerity of thess positive particles wers indesd protons but that a
fow 7 = or A -mesons could bave been present. The spread in the
moasured masses of these positive particles is btroader than that of
| the negatlva parilsles becauss of the greater diffilculty of measur«
ing the higher momenta hers involved; that these positive particles
do have largsr valasa of momenta 1s slearly shown in figare 19.

Individual Cases

The previcus paragraphs of this sectlon havs besn primarily
statistical in natures 4n attempt will now be made to utilize the
added information that 18 made avallable if the individual cases
are consaldered. Before proceeding, however, it is ilmportant teo
stress the faot that some of the following observations may merely
repregent extremo atatistlical fluctuations dus to experimental errors,
and thus that they may lead to srronecus coanclusions,

(1) Z =mgsonss It is ocertainly apparent from figure 18 that
the grsat majority of the negatively charged secondary particles are
7Z wmssons. There are, in addition, other evidences that tend to
support thils conclusion. For instanocs, figure 20 1s an example of &

neutral Vedecay in which the negative secondary particle apparently
decays, Presumably this is & Zwi/ decay; at least it ia consistent
with the properties of such a decay, In the 134 casea of neutral
V~dacays, only two such phenomena were observed, but this ia entirely
consistent with the relatively long lifetime of the Zemeaon,

Figure 21 is an example of a noutral Ve.decuy which occurred in
the upper chamber, The interesting feature of this case is the fact
that the negative secondary undergoes an interasction as it passes
through the lead plate, thus indicating a /Tmeson rather than a
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Fig. 20. (Case #09489) An example of a neutral V-particle
decay (see arrows) in which the negative secondary particle
{1eft) decays, Presumably this 1s a X4 decay.



Figs 21, (Case #23159) An szampls of a neutral V-pariicle
decay in which both of the secondary particles interast in
the 1sad plate. The interastion of the negative sscondary
particls (left) is particularly interesting,



M =meson; & dedustion whish wonld have beon exbremely diffisals if

based only upon the mass measurement of this pariicle,

In addition to the exlstence of negative /T-mesons, the three
nuses comprising groups la and 2w ia Tabls IT indicats the posaibls
oxlatenne of posltlve 7T- or 4f =masons. 0f these, the best exanple
1s the single ouse comprlaing group 21. A phobograph of thls suae 1a
showa ia Pdlgurs 22. The momsntunm of the positive partlsle L3 190120
Mev/c and its spscifie lonization 13 legs than 1.5 times minimam.

This restricts its mass to be less than about 350 my. There ia, of
conrds, the queation of whethor this 1s indeed an examnls of a meutral
V-desay. The decay i3 in general allgoment with the two high momentum
tracks that traverse both chambers, but there is no identifiable arigin
wlth which 1t 19 asscclateds Un the other hand, this can also be sald
of many of tha nsutral Vedacays, If 1t were to be intarpreted as a
charged Vedecay or & K -meson decuy, the partlele would have been
travellag upward, and would similarly not have besn procesding from an
ldentifiable origine Of the 18 charged Vnpértialea observed in the
present experiment, none were travsling upward, and all were slesarly
assoclated elther with a penetrating showsr or with a muclear interw
aotlon orlgin in the lead plate betwsan the cloud chamberse Furthers
mors, the kinetlc smergy of the /= or A =-meson in the OH system of
an assumed charged V- or A'=decay l1s greater than 200 Mev, a valus
oconslderably higher than 1s now though® to be assoclated with sither
of thess types of decay. Thus, this cass most probably represents a
aeatral V-decuy, and thus, positive = or /plnmasoﬂs are indicated

as charged sscondary parilclese



Fig, 22. (Case #24692) An Example of a neutral V-particle
decay lsading to a positive meson (presumably a /& =meson)

and a negstive particle whose mags 13 considerably grester
than that of a /L=-nmeson.
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(.:,) M -mesona: Although the mass distritution of figure 18
indleates thet almost all of the light partlicles were M =-mesons,
there wers {ive cafes, two hsavily loniszing and thres at minimm
lonlsation, whose messured masses or upper mass limlts wers too low
to reoonclle with the mase of & Z -meson. This mamber of cases
suggeats thai M -mesons may scmetimes be produced in nsutral Ve
decays, bub i3 surely %too amall to pernlt any stvong concluaions as
to dsoay sohiames ﬂth whioh they may be asaveladed, The statlstics
for theus [{ive casss ars summarized in Tabls III. Cf the fivs cases,
TABIE III

/A =medons in Neutral V-particls Decays

Quantity P, I. ¥, Ps I ¥

fuss Moo (ev/e) | {z Min.) {ng) | (Mev/s) |(x Hin,)| (ma)
24141 117415 <15 | <220((360150)% 3=6 |1200-2000
, 25686 6T | 1e5340 [ 130-230| 375£200 |  4=8 |1500-2400

{figars 23) -

25890 13z2t4 1422105 | 170=230| 15311 >15 71500
26867 140450 | <13 | <200{(400:200)| >1.3| P 60D
30129 11045 <15 | <200]|(500435) <1ls5| <1000

#* The parentheses indilcate momentum found by momenbtum balance techuigues,

#25686 18 the most interesting; this case 1s shown in figure 23. It
seoms fairly cortain in thls case that the negative secondary partials
is & A =meaon, tut it 1s much leas ocertain that the observed phencmenon
is indeed a neutral V-decuy, I% mighit, for instance, be an example of

a negative A -megson traveling upwarde If 1t wers a A“-mesom dacuy,
the snergy of the /U -mpson 1n tha CM system would be about 44 Msv, &

walue nodt inconalstent with other obhsarved caaesu“u. On the other



Fig. 23, ({Case #25686) A probabls neutral V-particle
decay that has a very low Q-value. In addition,the

negative secondary particle (right) is apparently a
/J -POS Ma
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hand, the dirach mass measurement of the assoclated poaltive pariisls
would sa2m to Indlcate a masa aomswhalt heavier thun that of tha K
BBAUN .

{3) Ezotons: From the mass dlstributlon of figure 18 it 1a appar=
an% that the poalilve secondsary parilelsa were predominabely protons,
The poaltlve particls assoclated with the decay shownm In [lgure 23 ls
ens of ths many iuﬁiviﬁna1~axaapléa that tend to conlirm this sonclualon,
Fortunately, the momentum of this particle, 375100 Mev/e, 1z in that
rangs wherein the mass measuremsnis of hsavy partlalss ars moat rallablas;
for smaller momonta, the apsalfie londzations besoms toa large to satle
mate asvurately, aud for larger momenta, the uncarialnilss asscolated
with theas momsnia become excesalvey The specific lonlzatiom fox this
case was sdtlmated to be 4«8 times minlsmam, resulting In & messured
masg of 1600=2400 mge

{4) _7 = and Al-meacns™: As was previously noted, the maas

diastributlon of figure 18 seaems to indicate the exlstence of positive
particlses of lighter=than=protonic mass, poasibly 7= or A” =mescnse

Thare 18, of courss, no pariicular reason why such secondary particles,
if they do exlst, should not be negatively as well as posltively charged,
In this commeotion, 1t 18 inderesting that ons such cas’ss of a noutral
V-decay has been observed, This is the singls case somprising group

28 df Table II; it ia shown in figure 22, The momentum of the negative
sacondary partiels is 210+40 Mev/e and 1ts specifioc ionization is
estimated to be 2 = 4 times minimum., This would indlioate that 1ts

maas lles ln the range 450 =~ 1000 mae Thus, even if one allowa for

* The gensral properties of 7 = and AC=-mesons are discussed in
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axtréﬁe arrors in tha determination of both the curvaturs and the
lonlaatlon, 1% 1s extremely difflsult to interpret this partisls as
oither & 7 =-meson or & proton (which would in any case be a nagative
proten), In additlon %o this cass, a few sxamples of slow heavy
pesliive ssoondary partiolss wers found whods msasurad masges ssened
to 1lie 1a the rangs $00 = 1200 mgs 4 few cases were also found whose
apper nass linlts ware sulflelently low 4o exclude protons, and whose
asooppanylng partlcles wers apparently /A -mesons, Howevar, anone of
theas was of sufficlently high quallity to ylsld a relishle maaas
detoranination,
| Lasay=Schenes

(1) Protons and Negative 7C-mesqugs By ncw it has baoome gquite
apparent that sthe nsutral Vedecays observed 1n thess experinents were
predominately of the typs whose charged decay-products wers positive
mrotons and negatlve Ze=mezon3. Iu fact, the Information pressnted in
figure 17 ( X =plets), in Table II (classifisation of secondaries
_ aogording to mass lizits), and in figure 18 (mass distribution), would
indicate that perhaps more than 85 percent of all decays were of thia
typea

(2) Positive Zwmes d Negat 7Cwm 3 A decay scheme
has besn poatulated by the Manchester workers’ in waich the charged
desay-products were both ~A-messon3, It wlll be of interest to examine
the data preasnted in the preceding paragraphs with regard to this
decay schemes

As was meationed sarlier, the Xwplots of figure 17, and particulare
ly the asymmeiry im the plet of group I which represenis an uanblased

ssleation orlterion, atrongly suggest that more than one decay procass
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ls hore lnvolved. Assumlng that two decay processea are represented
and that thay are desays Into two 7T-mescns and into & proton and a
77 -mosom, respecilvely, 14 is possibls to place an upper limit upon
the parssntags of the cases whilch could ba of the 4two -meson
varlsty. For thase casss the OC =plots wouald be expected %o be symnaie
rlzal about X egual to zero, and thus 12 oas bakes all of 4he nagnblve
values of O (some of whish are definltely nown to aorreapond Lo a
decay into a heavy and a light partlcls) and & corresponding aumbar of
positive valuew of OL a3 representing thls decay process, cns obtaing
only about 20 parceant which ooculd posaibly be of this types

The gquestion maturally arises as %o what direst avidencs exlata
for such a decay into two meaons, The two cases in group la of Table
II sesm to be of this varletys. The first of thesa sases, howsver, may
not be a neutral Vedeoay at alls The apex of tha dseay, while 1n ths
gas of the cloud chamber, was Just outsida the visible region, so that
it may actually represent & chancs colncldencs of two unrelated tracksa
- In additlon, the momentum and lonization of the positive particle
restrict its mass to be less than 700 = 800 me, and thus a 7T-meson
13 not necsssarily indicateds The second ease is almost certainly a
neutral V-decay. In this case, the momentum of the positive particle
wag about 295 Mev/c and 1ts lonization was less than 1.5 times minimua,
and thus its mass was less than about 500 mge The track of the nega=
tive particle, however, was so short that itz curvaturs could not be
measurad, The momentum ¢f this particle was evaluated from transverss
momentum balance with respest %o an assumed line of flight from a
clearly defined nearby origing & methed of analysis that ls subject

t0 some question, In additlion to these 4wo osses, the single case in
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proup 2a of Table II, which has previously bsen considersi in connec-
tdon wltk figuwre 23, may posslbly be of the varilely that decays into
two M-mesons. However, the mass limits on the negative decay-product,
450 = 1000 my, Indloads that 1% 1o exbremely doubtful i 4hls pardicle
1s & r=meson.,

In wles of thess dats; one cowsludse that there 1s 1liitle ddrsct
evidente that Irdlesies the exlstanse of a dessy into sgual pariiclss,
but that a fow desays (groupa la aud 3&, 4 or 5 of group le and peasi-
bly group 28] might be 8o interpreteds In any casse mob ever about 10
peroert of the dscays could possibly Ve of thla typsa

(3) Aoomalies: Thers is sufficlent avldence that indicates the
exletonce of & JA~meson secondary partlole, that such a deeay mast be
conwldereds In Table IIT; the characteristlcs of the flve cases which
geemed to invelve nesgative A =mestng were 1isteds It 1s %o be noted
that four of the ssgociated positive sscondarles were heavy particles,
presumably protong, but posglbly 77 or K -mesons. In the reamaine
ing decay, the mass of the pesitlye puriicle was Indeterminats., Thus
if M -mesons are really present, they are most probably asscclabed
with heaevy posltlve particles and would not, therefors, explain the
ghape of the & =plots, unless heavy negative particles are postulateds

The single caso in group 28 has alrsady rsceived considerable
attertion, but 1% 1= recalled once mare since it definltely indicates
a neutral V-decay in which a light positive and s heavy negatlve
partisle are produceds. If such a decsy wers reoally a dessy into a

M=meson and & 7= o AZ=mason, with the signs arbltrarlly dis-
tributed, ihen there 1s additional evidence for thils deocay., For then

the /Al-mesﬁﬁﬁ, the posiilve partieles of lighter-than-protonlc mass,
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the shape of the mass distritution of the positive partlcles, the exlste
ence of a rumber of heavy negatlve particles and the shape of the X =

plots acald, possibly, all be aplained.
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Ge Natuwre of Desay-Productss-Meuiral Secondariea
4 careful analysis of the 134 pleotures in which nentral Veparticlss
were observed, has falled to yileld any direct evidence indicating the
exlatence of neutral sscondary purtloles. As a resalt, the present
dlacuasion of the poasible exlstence of such aneutral partleoles must
neceasarily be reatristed to atatlstiecal considerations.

g &

It 1s possible to derive some informatlon concerning the existence
of neusral secondary partlsles by making usa of certain purely geomeirice
al propertisa of the decuy, One such propsrty 1s the so~culled "coplane
arity® of the decay, i.%., the angular relationship beimssn the line of
travel of the Vepartlols and the "deocuy-plans” defined by the tracks of
1%s two charged dssay products,

To messure the sngular devistion from coplanariiy for a given daocay,
one must know the path of the neutral Vspariicls as well as the patha of
its two charged desay producis. This information is availablas in those
 casea where the sveat in whioh the Vepartiele originated also ylelded
& munbsr of charged particles whose tracks appear in the chamber, The
path of the Vepariicle is then taken 1o be along the straight line
connesting this origin (located by the backward extrapolation of the
charged particle tracks) with the point at which the decuy occurreds

In theass sxperiments the mumerisal data requirsd for calculating
the orisntations of the decay-plane and the path of the Veparticle
ware obtained from & graphisal construcilon, A sheet of itrasing paper
was placed on the viewlng screen, upcn which the two sets of track
images from the stereosecople photographs were projected, and sareful

pencil truces were then made of the two trackeimages of the Va-particle
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and of the other particles on the photogrsphs, The comstruction by whiekh
the deviation from coplanserity was then messured is shown schematically
in figure 24. In this figure the rectangle represents the boundaries
of the visible reglon of the cloud chamber, The two sets of trask
insges resulting from projection through the left and right lenses are
shown dashed and solid, respectively. In the case of Veparticle aseconde
aries, tangents 40 the tracks at the apsx of the decay were used instead
of the tracks themsélves. Auxlliary lines are shown dotted and are
mumbered in the order of thelr construction, ¥ irst, the tracks radiate
ing from the origin of the Veparticle are projected backward to their
intersectlon polnt (0,0')s Next, the path of the neutral Vepsrticle
(0D,0'D') i constructed and sxtended beyond the decsy point (D,D1),
The problem now consists in determining the angle that this extended
line makes with the decay=-plane, namely, the plane formed by the two
lires (D4,D'A') and (DB,D'B')s To accomplish this, an srbitrarily
chosen sloping line (4B,A%B!), lying in the decayeplane is drawn as
_indlcateds (Note how polnts A' and B! are found by comstruction lines
4 drawn parallel to ID's) Upon completion of lines 5 and 6, two points
appear which are of particular importance, i.es, a point (C,C') on the
extended V-path, and a point (C,E!') in the decay~plane, The horizontal
distance E'Ct on the diagram can readily be converted with the aid of
Eqe {1) inte a difference in depth of these two points. Thia in turn
is then readily converted intc an angle & between the line (DC,DET)
and the neutral V-path (DG,D'C') apd thence to the angle 87 between
the V-path and the decay-plane. The lsst step was rarely taken, since

8 is alwaye larger tham &1 and thus provides a sharper test of
coplanarity,
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Figes 24 Schematlc dlagram of the coplanarlty test, The restangls
vepresants the boundaries of the visibls reglon of the cloud chamber.
The two sets of tracks resulting from projesction through the laft and
right lenses are shown dashed and solid, respsetively. If the sxtended
neutral V-path {(D0,DIC?) lay in the decay=plane (ADB, A'D'B?), tha ®wo
points E! and G!' would coincide,
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~ The accuracy with which it is poasible %0 carry out the above
construction varies from case to case for several reasons: The accuracy
with which an origin can be located depends upon the mamber of tracks
avallable for the buckward extrapolation, and the distance of the exe
trapolation (sometimss as great as 20 cm); bhe angular scsurasy with
whien the V-path can be drawn depends upon the distance from the Ve
particle dscay-polnt %o the origin; the angular ascuracy with which
tangents to the descay-tracks can bs drawn depends upon ths length of
the tracks; and the sensitiviiy of the coplanarity test depends upom
the crientation of the neulral V-desay, 1t belng most sensitive when
the decay-plane 1s ssen edgwlse in one camera views The overall
accuracy with which the coplanarity could be measured thus varled
from about 1° to about 10°, but was usually in the range 2° = 4%

S8ixty of the 134 neutral Vedeocays exhibited origins and thus
could be analyzed for coplanarity. Of these, 37 had origins in the
lead plate bstween the chambers, and the remaining 23 had origina in
the lead blocks above the chambers. The distribution of & for these
60 cases is shown in figure 25, The crosse-hatched portion of the die
agram rapresants the 28 most asourate cases obtained by eliminating
all those whose estimated error of measurement 1a grester than 20.
It appears from this distribution that almost all of the decays could
have been exactly coplanar, and hence could have bean two=body decaya,
Perhapa a more meaningful test of coplanariiy is a comparison of

the measured deviation § with the smaller of the two angles, @, or
8., between the charged particle tracks snd the neutral V-path, sinece
in any case § cannot exceed the smaller of these amgles. Ths ratio
gin § /sin 8, (where 8, denctes the smaller of the two angles) is &
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Fige. 25. Distribtutien of angular deviation 8 from
goplanarity for 60 cases. The oross-hatched portion
of the distribution represents the contribution of the
28 cases whose estimated errcrs of meassurement werse
20 or less.
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ﬁqmﬁ‘ti‘ty. which compares approximately the component, perpendicular to
the decay=plane, of the momeatum of the neutral V-particls, with the
component, perpendleular to the neutral Vepath, of the momentum of one
of the charged particles, The distribution of ain § /ala 8, 1s shown
in figure 20, Agaln almost all of the desays could have basn coplanar,
and hence could have been tmo-body deoays. However, we sannot ruls
out any type of decay in whioh the transverse nmomentum carrisd by &
third decay perticle 1s on the average less than sbout 350 parouont of
that carried by one of the charged particles,
Momentum Balance

Some additional evidence as to the number of particles resulting
from the decay of & neutral V-particle can bo obtained by testing the
balance of the components of momentum transverse to the neutral V=path
in those cascs whore @, and 8, and also P, and P_. are kaown independently.
The difference APp= |P, 8ln 8 = P, 8in 6| 1s a measurs of this
balance, and should have the valus zero, if momentum transverss to the
direction of the V-particls is conserved. The distribution of thiz guan-
tity is shown in figure 27, It 15 apparent that almost all of the decays
could have satisfied the condition of momentum balance, but, as in the
discussion of coplanarity, ocne csmnot exolude certain types of multi-
body -dacay in which the transverse momentum of an unseen particle is
small on the average compared to the transverse momenta of the visible
particles. The restriction that can be placed upon this "missing”
transverse momentum 1s about the same as in the case of the coplanarity
teste-namely that it be less than sbout 50 percent of the transverse
momentum of the vlsible particles, Thls conclusion follows as a result

of a comparison of the distribution of the itransverse momentum of the
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28 cases, This quantity represents the "missing" transverse momentum
in the plane of the decsy,
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nagative particlea, P. 3in 8., as given in figure 28, with the dis-
tribution previcusly presented in figure 27,

Conclusions

The presant experimenta have thus far provided no information
that would indlcate the exlistence of neutral secondary particles in
the decay of the neutral V-particle. However, it will be rzcallad
that earller in thils paper, in the discussion on the nature of the
charged secondary particles, several different neutral V.particles,
or at least several different modes of decay of a unique Veparticle,
were indlcated. It was estimated at that time that at least 85 perceant
of the cases seemed to be of a common type which apparently ylelded a

7T -meson and a proton as charged secondary particles, In visw of
this facty, and in view of the statistical nature of the evidence
presented in the prededing paragraphs, any conclusions drawn at this
time should probably be resiricted to this predominant mode of decsay.
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Flg, 28, The distribution of P_ 3in 8, for 42 cases. This gquaniity
is agual to the transvsrse momentum P! sin 8? if the decay is a iwo-
body deouy, The sharp peak in this distributlon falls at aboubt 95
¥ov/e, the limiting value %o be expected for & itwo-body decay into a
proton and a /T-meson with an energy release of 35 Mev, The presence
of transverse momenta subsianilally greater than this limiting wvalus
atrongly suggests the presence elther of two-bedy decays, ar ol
mltibody decays, with energy roleasss greater than 35 Mev,
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The results of the previous section indicate that the great
majority of the observed cases of neutral Veparticles are consisteant
with two=body decay schemese Therafors, this section will be develope
ed undar the assusption that all of the obasrved cases are two=body
decave.

K -digtritution

It %11l be recalled that the discussion of Xavalues was also
based upon the assuuption of a two-body decsy, and it is interesting
Yo note thst one oan estimate an energy release, or Q-valus, from thas
bhall=wldih of the X=distribution peak as glvem in figurs 17. Thia

follews if one notes that from Bose (5) and (7), one can obialn

half-midth = S (9
Mq/E
and
Q = (F")u /2L, (10)

if one assumes that { << M, + M, » Now assuming a decsy inte & proton
and a Z -reson ap suggested by the study of the chargsd secondary
particles, and teking &=/, ¥, = My+ Mgz + Qo Mp+ Mg, and the
half-width of the & -distribution pesk equal to 0.15, one obtains
Q & 26 Mev,
It uill be noted later in thile section that this value agrees surpris=-
ingly well with the actual measurements of the energy release.
S=Yalues

The energy relesase, or G-veluae, of the iwo-bedy decay of a mneutral
Voparticle can be determined from the momenta of the two decay-particles
and the included angle betwaen their paths, i1f the masses of the decay

particles are known. In the two-body decey described by figure 16, we
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bave, in the laborstory system,

EQ - & & E- - (P+2 + &2)-}.’ (P‘z & H.'Z)i
Po? = B2 + P2 + 2P,P, cos 6y

80 thal 2 2
M® = B = P? = B2 + U2+ 2BE, = 20,F. cos 6y

= ¢ B)% ¢ BE, - AU, - 2P cos By ;
we therefore have for the energy release that

Q= By - (i + X)
= (m*n.)[(hf—?%: }%.1}

'Ql- le * B 2 @ e o
2 (M + H-;
where

. BBo « WM < PP, cos & _ MT_ 4 E.T, = PP, oos &
! TR = W + N

(1)

(12)

(13)

and B+, T4 and E.; T. are the total and kinetic energles, respectively,

of the product particles in the labaratory system, the romaining quane

tities baving the seme significance as in Eq. (4)={8), The quantity Q

- was introduced in arder to simplify the computation of Qj it will be

noted that Q ¥ Q1 far small values of Qe

Of the decays for which sufficient data were available to permit

the calculation of a Q-value, 38 clearly yielded a light negative and

& heavy positive particle; these constituted practically the entirety

of group 1b of Table II, It will be recalled that the previcus study

of the identities of these particles strongly indicated that they were

- mesons and protons, and thus a Q-value was calculated for each of

these cases assuming a two-body decay ylelding a negative /Zemeson and
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& protan, The G-values so obtained ranged from 10+3 Mev tu 8715 Mev,
and were Alatributed within thls renge a8 indicated by the croas-hatohed
portion of the histogram of figure 29,

In additicn to thess 38 dscays, there wers anobher 25 cases in

which thers was no svldence against the assumption of decsy into

H-mesons and protons, acd in which the & ~values s An belng greater
ttan +0.5, actually gave some suppor’d for thls assumpticon; thesa 25
decays comstitule practically the entirety of group le of Table 1T,
Q-values were enleulated for these decays assuning two-body decay into
a 7C-meson and & proton. The Q-values 8o obtained ranged from 10t 5
Mev to 97130 Mev, and wers dlstributed within this renge as indicated
by the unsheded portion of the histogram of figure 20,

The histogram of figure 29 was congtructed by counting the mumber
of Q-values within euch 5 Mev range, without regard to the srrors
involved in the irdividual messurements. This histogram atrongly
suggests the existence of at least two Q-values, ome at about 35t3 Mev,
_ another at about 75:5 Mev, and possibly a third near 45 Mev, although
a continuous distribution with or without one or more dizcrete values
would alsac be consistent with the observed distribution. Armenteros
ot a1’ obtained (-values for twelve cases which were distrituted in
excelisnt agreement with the above histogram. These authors ccnoluded,
however, that thelr data indicated a single Q-value at 466 Meve In
erder to determine whether the present results will support such a
conclusicn, 1t is necessary to investigate the errcrs invclved in the
Qevalus determination.

The accuracy with which the Gmvalue may be determined from the

measursd momenta and the angle depends upon the ascuracy with which
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the decay into a proton and a Z -meson was Indicated., The cross-
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poaltive particles was sursly much heavier than a -meson.
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these thrse quantlties are known. The error in {-value 18 often much
more asnsltive to the errcor in a certain one of the quantities, usuvally
the momentum of the lighter partiele, than %o errors in the other

quantities. Thla can be seen by evaluating the derivatives

a) -g-%:% (%mf‘m son Sp)/ (4 + M, + Q)

b) -S-%; » (B ooe er)/(h v ML+ Q) (W)

-

) .%%; = (PP, 8in Op)/57.3 (M, + M_ + Q) (%V.&ag“l)

The nmumerical values that were commenly found for these derivatives

were, for the 7 -meson and proton deesy,

a) .g.%_ = w041 bc +0.2 (usually about +0,07)
&
b) _g_g: = 0u3 to 1.0 (ususlly about 0.6)

) -%%; = 0.5 0 340 Mev/deg (usually about 1.5)

To each J-value an uncertainty was assigned whose magnitude was
derived from the estimated errors in the momenta and the included angls,
using the partial derivatives of Eqe 14 for this purpose. The absclute
uncertainty tended t¢ be smaller the lower the Q-value, whereas the
percentage srror was roughly independent of the Q~value, The estimated
errors were about 330 percent on the average, and about +15 percent in
sevaral of the best cases, Thus the average estimated uncertainty in
the Q-value might be large enough to permit an interpretation in terms
of a single Q~value at 46+6 Mev, However, if this were the case one
would expect that the distributicn would, within resscnable statistical
fluotuation, shown a maximum near 46 Mev; also, those Q-values having

small estimated uncertaintiss should be distributed more closely about
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thls value then are those of large estimated uncertainty so that the
few beat cases should give (-values very close to 45 Mev, That this
la not the ocase will be demongtrated in the following paragraph wherein
individual ouses are trsated,
individual Cases

Although the 38 cases represented by the shaded poarilon of the
Matogran of Tigure 29 ware cases for whieh a light negative and a
heavy positlve sescrdary particle were cbserved, all of these secorde
ary particles were not necsssardly consistent with the assunption of a
decay inte & Re-meson and a proton. In three of these decays the light=
o particls seemed Yoo light to be a Zemeson, and in five other deosys
the heavier partlcle ssemed too light 4o be 8 protems, Q-values wers,
therefore, rocaleulated for these sight decays assuming in the first
three cases a two-body decay ylelding a /4 =meson and a proton, and
in the latter five cases a two-body deesy yielding a Zemeson, and
a 7 -meaon of mass 975 By O & A -meson of mass 1250 mge These
-alternative Q-valuea were approximately equal Yo the Q-values caleculate
ad for 7 -meson and proton decay, and were spread over a oomparable
ranges JIn view of the small mumber of these "anomalous®™ cases and the
large inherent errors in an individual mass messurement, particularly
in the ouse of a massive positlve particle, these cases, caleulated
for the 72 -meson and proton decay, wers included in the histogram
along with the other cases.

An additional seven decays, not included in figure 29, were
- obgerved that seemed to axhiblt propertles which would preclude an
interpretation in terms of a decay into & negative W-mesor and a

protons These dscays were those of groups la, 2a and 3a of Table Il.
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(=Talnes ware oaloulated for varicus possible two-body decay anhemss
shogen to f1t the observed properiles of eash individual case, with
the following resulta;

1) These of the decaya, which oould havs yielded a positive and
& nagatlve 7-mescon, gave Q-values of abwat 110 Mev for this dsaay
achsma,

2) Two of ths above three decsys might alternatively havs yilelded
4 negutive 7e-mescn and a positive 7= o Aemsson, Ons of the other
decays ssemed to ylald a positlse Z-mpdoa and a negatlve 7= op A
meson. These thrse decuys interpreted in terms of a desuy into a 7T-
meson and & 7 -meson, all gave Q-valuss of aboub 50 Mav,

3) The remalning three dscuva were of mach poorsy gualisy and
aould be 1akerpreted In terms of eliliar of the above deszy schemes, but
the Q=values 414 not seom to agrseo mith those indleatzd aboeva or with one
anothers
It 13 olear that more of thess "anomalous" dasuys will be requiraed
- belore any definlts concluaslons cun be drawne

Gonsilderatlon will now bs given %o the best individual cases of
neutral Vepartlele decay that were observed and analyzed during the
present stady. These ocases are shown 1a figures 12 and 23, aud da
flgares 30-35; the results of the analysis of these cases, bassd upon
the aasumpilon of tmo-body decay Into 7T=msuons and protons, ars shown
in Table IV, It 13 pechaps worithwhile to note that the J-~values of
Yaese alght cases wonuld be difficult 1o raconcile with & single Qwvalue.

Sumnary
A complete summary of the statlatlos asscolatsd with the analyails

of the 134 observad cuses of the descay of neutrsal Vepartlcles has been
inclndad in Appendix X,
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Fig. 30, {Case #14539) One of the eight outstanding
nautral V=deszys which were observed in this sindy.
Aaguming that the positive partlcle (left) is a prolem
and that the negative partlcle is & & -meson, the U=
value for this decay is 3315 Mev.



&
wm e

Fig. 31s {(Case #31044) Ons of the eight outstanding
neutral V=decays whlch were observed in this study.
Assuming thet the positive partisle (right) is a proten
and that the negative particle is a 7=meson, the Q-
value for thls decay 1s 365 Mev,



Figs 32« {Case #31817) The finest example of & neuiral V-
decay observed in this study. Assuming that the positive
particle (right) is a proten and thet the negative particle
is a /-meson, the G=value for this decsy iz 373 Mev,
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Fige 33» (Case #30514) One of the eight outstanding
neutral V-decays which wers observed in this siudy.
Assuming that the positive particle (upper) 1z & pwoton
and that the negatlve partlcle is a W& -mason, the G=
value for thls decsy is 464 Mev,



Fige 34s (Case #19955) One of the eight outstanding
neutral V-decays which were observed in this study.
Assuning that the positive particle (laft) is a proton
and that the negative partiele is a 7 -meson, the -
value for this decay 1s 7210 Hev,



Fig. 35. {Case #28167) One of the elight cutstanding
neutral V-decays whlah wers observed in this study.
Assuming that the posltive particlae (right) is a protom
and that the negatlve particle is a 77-meson, the Q=
value for this decay is 79:15 Mev,
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Zs Dlscussion

In the preceding sections 1% wsus shown that the great majority of
the neutral Vepartiecle decays yleld a heavy positive and a light
nagatliva particls as decay-products. In moat instances thess avenis
ars best Inberpretsd dn tsrms of a two-body decay yilelding a proton
and a nsgative Zemesocnj; 1n facl, perhaps 80 psrcent of all of the
obgervad decays ara conslsisnt wlith this schemes The dlstawrbing
faaturs of thia ilnterpretation 18 a lack of agreement with regard 4o
anergy release, or Q=value., It 1s aprarent from figurs 29 that the
measursd Q-values are not conglatent with a singls walus. In this
regard 1% 1s sapecially interesting to recall the obssrved propertles
assoclated with the aight most cutstanding decays obtained in these
sxperiments; theas ocases ars sumnarizad in Table IV and are shown in
figures 12 and 23, and in figures 30=35. Withoubt exoepliou these cases
ars of the type which yields a heavy positive and a light negative
particls as decayeproducts, In almost every case, these partlscles
~ ars best interpreted as protons and 7T emessons, respectlvely, bub evan
in this select group the identification is not complately satisfaotory
inasmuch as negative A -mesons and positive A .mesons are suggested
ag possible decay~-products in several of the dacays. In additiom, in
view of the sslact nature of these eight cases, it 1s important to note
the significant apread in the measured Q-values, which seems to indicate
the exlstence of at least two distinct values, (In this regard it will
be recallad that this same conclusion was suggested by the Qmvalus
histogram of figure 29, In fact, the distridution in figure 29 13 wvery
nearly the same as the distributlion exhibited by these elght outstanding

examples,) The possibility that the entire spread in Q-values can de
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attributed to errors of measuremsnt 13 considered to be sxsesdingly
unlikely in vliew of the high gualiiy of the cases, but samnot of
courss be exoluded, Albternative explanations are, of course, availe
abls; These rangs from an interpretation in terms of aspecial malti-
body or multl-mode decay schemes, to an Interpretation in terms of
axeliatlon levels for the V-partlcla or the secondary partisles. It

1s possible that the neutral Veparticls decay phenomsanoa 1s a8 complex
as gome of these models would indioutes, but Af such 1a the case consider~
ably more data of much higher guality will be regquired to 2stablish
this fast, For the pressnt all that can be sail 1a that perhaps 65
peresat of all of the observad cases of neutral Veparticle decay can
be ianterpreted satisfactorily in terms of s twoebody deocuy into a
proton and & negatlve /2 -msson, wlth an enorgy relsass ¢f approzimate=
1y 37 Mev.

It 13 excesdingly difficult to arrive at any genersl conclusions
regarding thode cases which were not consistent with a decay ylelding a
heavy positlive and a light negative particle as decay-producis; about
20 percent of all of the obsarved cases wers of thls type. The ldantity
of these partiscles was comsidered in appropriate detail in the section on
the nature of the charged secondary particles (Section V. B) and signif-
icant numbar of data were presented indicating the possible exlsbtence
of negative A/ -meaons, positive /T -mesons, and 7= or A -mesons, The
possibllity of a neutral Vedscay ylalding two Z-mesons was of consider=
able interest inaamich sa this decsy had been postulated by the Manches
tor 'uorkers'?e. A mamber of oases were found to be consistent with this
scheme, but no cass was found which had the high quality necessary to
sstablish the exlistence of such a decay. Reoently, the axlstence of
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this decay has been established by R. W. Thompson's group at Indiana
University (paper to appear in Physical Review, April 15, 1953). The
d~values obtained by this group were of the order of 200 Mev, It is
interesting to note that this value i1s not inconsistent with the Q=
values obtalned in this study (see Appendix I),
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AFFENDIX 1
Reutral V«Particla Statistics

The statistics for 96 of the 134 cuses of neutral Veparticle

decay ars presentsd below. These cases may be identified by their

case nuaber; thils mumber has also beea lncluded in the caption of

all photographs used in the text of this papsr. The angle botmween

the secondary particles was the only information available in the 38

cuases which have not been inciuded in this summary,

1)

2)

3)

4)

5)

List of Symbola

Angles

8, 9. The angles betwesn the extended Vepartisle path and the
paths of the secondary particles.

8y The angle beitween the two secondary particlea.

4ll angles are measured in degreoa.

Momenta

P,, P. The momenta of the secondary particles expressed in Mev/c,

Those momenta included in parentheses havs been determined by

means of transverse momentum balance,

donlization

I,y I, The speclifio ionizations of the secondary pariicles.

Masses

M,y M, The masses of the secondary particless

Deosy Schene

A = dasay into & proton and & negative Zameson,

B = dacay into two 7T=mesons,

C = decay into a negative proton and a positive Zemssone
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D = deesy into a proton and a negative /A =mason.
E = decuy into negative 750 mgy particls and a positive #Z -meson.
6) Guvalue
The snergy relsass of the Vaparticla decay assuming a two body deocuy
8cheme, a3 sxpresssd in Hev,
7) Qualliy
The general quality of the case 1s indisaied im this colunn as
followas
4 = sxcellant
B = good
C = average
D = poor

This classification i3 based solely upon the accuracy assoclated
with the determination of the secondary masses and the Q-valus, It is
not based upon the aumerical results obtained in these calaoulations,

Nota: An absence of limits on any of the mumerisal values listed in
the table indiontes that these are merely approximate values, The
angles, however, are an exception to this rules, These ars ascurate
to at least & degree in most cases,
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APPENDIX IT
Charged VeParticles

In thess experiments, a total of 18 charged Veparticlas wers
observed to desay, 7 positive and 11 negative. Inasmuch as these
partlcles ars 1o be analyzed as s separate research project, ouly a
faw observations wlll be presented at this time.

4 mamber of preliminary mass messuremenis have indicated that
the charged secondary partiocls in the charged Vedecay is a 7= or
A =mesons Tn view of this faet, figurs 36 1s an especially interest-
ing decay, In thils figure, s negative Veparticle decsys in the upper
chamber above the lead plate, the charged secondary penstrating the
plats and traversing the loWer chamber, Although the charged Veparticle
and its charged sescondary ars essentlally at minimum lonization, thia
case 18, nevertheless, of great interest because the secondary partisls
ia soattered through an appreciable angle in the lead plate, thersby
. indicating a 7% -meson rather than a «/-meson,

At the preasnt time practlcally nothing is known concerning the
identity of the neutral secondary particle {or particles) producsd in
the charged V-decay. Similarly, nothing i1s known conceraning the
possible relationship of charged and neutral Veparticles. Is it
poasible that a nentral Vepartlcle 1s produced in tha decay of a
charged Venarticle? With this in mind, figurs 37 is an especially
interesting photograph, In this filgure, a negative Veparticle decays
in the upper chamber above the 1ssd plate, and a neutral V-particle
dacays in the lower chamber; these two V-dacays are in execepilonal



<

Fig. 36, (Case #16347) An example of a charged V-particle
decey. Tha negative V=particls enters %&z@ ‘

the top, travels dowmmeard i:»ewem'é % ght, end &acm absm
the plate; the charged secondery partic

and to the right (ses arrows), T

interesting because the sscondary mmza

significant deflection in the plate.
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Fig. 37. (Case #26912) Example of the decay of a charged V-
particles This pariicls enters the upper chamber at the lefi,
travels deownward boward the right, and decays above the plate
(ses arrows)., This case is of particular interest because of
the existence of a neutrel V-particle decay in the lower chamber.
" The general alignment of these two decays suggests that they may
possibly be related,
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allgoment, as can be sesn from the photographe Is this a rare coine
cidence of two Vspartlcles produeed in the same avent (above the
chambers) and traveling in the same direction, or do cascude phenomena
really exiat?
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APYENDIX III

Heavy Mesons
In the sourse of the present sloud-chamber study, & mmber of

particles have been obssrvsd whose measursd masses wers heavlsr than

7 -mesons snd yet lighter than protonsl?, Aidditiomal svidenos for
the axlstance of sush a class of partlcles 1a avallable iu the form
of obssrved decsy phenomena, These particles, which will be referrsd
40 a8 heavy measons, will now be considered in some detail,

L Mesona
7 =meson is the name assoaiated with an intermediate maas

particls which decays into 3 /M.meaona. Two events have been observed
whioh probably represent the dessy in £light of 7 -mesensi, One of
these decsys is shown in figure 38, The 7  -meson enters the ochamber
at the top, traverses the 2,5 cm lead plate with no destectable dellec-
tion, and decays in the lower seciion of the chamber into throes charged
particlese All of the tracks except that of the left~hand secondary
ara at, or very near, minimum ionization; the lonization of the lefte
hand secondary is eatimated to be le4=22 times minimm, The momentum
of the 7 -meson, based upon its curvature in the 5000 gauss magnotic
field, 1s 600+100 Mev/c, and the momenta of the three secondary
particles are, from left to right, 155430, 350£75, and 210t50 Mev/o,
The masses of these sesondaries are therefore 35075 mg, less than 600
mg, and less than 300 my, respastively, and are thus all consistent
with 77 =mesons, but none can be a proton, Charga is conserved, and
the measured momenta are conslstent with conssrvation of momentus in
the decay. The mass of the 7 =meson caloulated from the above monenta,

with the assumption that the decay producia ars /Zsmesons, is about



Fig. 38, (Case #18425) The decay in flight of 8 7 -mescn,
This meson traverses the upper chamber, gaewa through the
lead sbacxber between the chambers, and finally decays i1n the
lower chamber. The secondary perticles produced are most
likely M-mesons,.
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975 mg, which corresponds to an energy relsase of about 75 Mevid, It
would be extremely difficult to interpret this event as a collision
phenomenon, ,

The second 7 =meson decay is similar in appesrance to the ons
sbove,; bu% the momenta are higher, meking the masa limits on the
partlicles less sharp. Both of thess 7 -mesons travel much farther
insids the chguber before decaying than do Veparticles; this suggests
that their mean life is considerably longer than that of Vepartiolss
=== porhaps 10°? ssconds or sven longer,

~4l=Megons

A /r-meacnm iz likewise an intermediate mass particle, but in
thia case the only charged decay product is a ,/emeson. An exampls
of &8 4 -meson decay is shown in figure 39, The particls (heavily
ionizing) enters the upper chamber from the right, procesds downward
toward the left, and decays above the lead plate, producing a single
charged particle (which travels upward to the left) and presumably

one or more neutral particlese The momentum of the A =memom is 185
20 Mev/o and its ionization is estimated to be 6~10 times minimum,
Thus its mass is 1200£300 mye The momentum of the secondary particle
is 150t15 Mev/o, and its lonization is estimated to be about 1e2e1.5
times minimum, indicating & mass of 250+50 m,, a value consistent with
either a 7= ar A/ =meson. The kinetic energy of the secondary
partiocle (assumed to be a 4/ -meacn) in the center-of-masa system ia
82 Mevo

This event might altsrnatively be interpreted as the decuy of a
neutral or charged V-particles However, the absence of a nearby

origin from which either of these particles could have come suggests,
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Figs 39, (Case #13901) The decey of a K -meson. The A=
mesen snters the g@w chanber from the right, proceeds down-
weru toward the lelt, and decays sbove the plate. In the

dessy a single charged partlele ls produced; this partiols
travels upward toward the left (see arrows).



. -1 -
rather, & longer-lived particls which can decay at & great diastance
from 1%3 polnt of arigin, evan though i% is moving slowly. Furthermore,
if the event were to reprsaent the decay of a neutral V-particle, the
latter would have to be traveling upward, and would thns be the only

auch cage aver abaarvad,

Other Particles

In additlon to 7 = and A -mssons, the prezent study has alas
yielded threa oases which may indleate the axlstence of a partislas
whose mass lles in the rangs 400850 mye The momenta of thess particlss
are 100r15, 180+20, and 135¢15 Mev/s, and their lonizations, estimated
visually by comparing them with timewsolncideant protons, mesons, and
alactrons on the same photographs, are 3«6, 2=3, and 4«8 times minimunm,
reapectively. These measursments indicate masses of 450t150 mg, 550
150 mg, and 750£150 me, respectively. (The first of these thres cases
is shown in figure 40.) Only with great difficulty can the first two
tracks be reconciled with thoss of either /7= or 7 =mesons; the
" 4third cannot be & /7 -meson, but might conoeivably be a 7 -meson,

It should perhaps be mentioned that there are indications, mainly
fronm the division of momentum betwson the neutral Veparticle second-
aries, that particles of maas 500-700 mg are sometimes produced in
neutral Veparticle decays,



Figs 40. (Case #30335) An exsmple of a particle of inter-
diste mass, This particle {indicated by arrows) is one

of & wumber of particles which have been observed whose

pesswrad mass 1ie 1n the range 400-650 eleciron masses.
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