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AB$'1'RAOT 

Thlrty+;tiv• • cloud chamber photographs ot V-shaped tracks 

app~renti, due to the decay of a new un.stabl• neutral particle (V0
-

partiele) and five apparently due. to the decay ot a new W1Stabl• 

charged particle (vt-partiole) are d1scU8ssd. It is shown that only 

a tew fJf thtse nents could be the r•sult ot known process•• such as 

stars in tho gas, the scattering of a charged. particle, electron pair 

production, pi•mu decay or mu-electro~ decay. The V-particles are 

shown to originate in the penetrating showers whieh were selected to 

trigger the s:x:pansion and also ia th• associated low enel'gr stars. 

some evidence for the nature ot the dec$1 products ts gtvea,and the 

decay soh!!tms& V0 -+ proton + aegative meson and v0
-. positive meson + 

tmidentitied negative partiele are suggee.ted, Galeulations of the mase 

ot the V0 under the assumption that th• decay products an two pi-mesons 

and again assuming the products al'9 a protoll an4 a pi-meson, do not givs 

consistent results in either ease. The discrepant values, 600 ta 800 me 

and. 2200 to 2500 .tile, are discussed. The pessib111ty or a three bcdy' 

decay is disouased. A mean life (1.3 x 10-lOaec.) is calculated for the 

V0 assuming the decay into two p1--.mesons. It is shown that there are 

about 40 charged penetrating shower particles per V0•particle. 
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I. INTRODUCTION 

In 1947 G.D. Rochester and c. o. Butler (1) published two 

cloud chamber photographs which they 1atez,pnted as evidence tor the 

existence ot two new unstflble particles. The first (similar to Fig.l) 

' showed two tracks tomtng an 1nverte4 V 'w1 tl apex in · the gas and an 

angle ot about 60°. 'fb.e ourvatlU'es 1n the magnetic field ot the two 
.. +, ... 

low ionization tiracks could have resulted :trem two relativ_. particles 

ot opp.e&t te charge traveling cioWD.ward trom the comon ortgin, and 

Rochester end Butler cencluded that these were th• charged secondaries 

of the decay in tl:lght ot a new UDStable aeutral particle. The second 

photograph (see Fig. 2) showed the track ot a relat.1v1st1c particle, 

pcs1tive it traveling dowawal'd, which changes direction by about 20° at 

a point in the ges without producing a111 other ionizing particles. 

Rochester and Butler concluded that this event must represent the decay 

in flight ot a aew unstable charged parti~l• into a charged secondary or., 

the same sign aJl4 at least one neutral particle. 

' In the s~r ot 1949 a group ot observers trom this laborato17 

(2) obtained 35 additional photographs of the tint type aad 5 of the 

second type discussed, by Rochester aad Butler .providing ample verifica­

tion and considerable extension ot their conclusions. Since 1949 a 

number ot additional observations by various authors (3) - (8) have been 

reported; the existence of th• new particles hae become praoticall1 cer­

tain; ud the D.ame V-pa.rtioles, suggested by the appearance ot the photo­

graphs, has crept into the U terature. 

The term V-particlu, due to Blackett, Will be used here to 

reter to both the neutral. and charged particles• and where necessary a 

superscript (O, +, -, or .:t. Where the sign is uncei,-tain) will be used to 

specify the charge. lflds nomenclature has the disadvantage of grouping 



tegeth•r types of particles which may be related only' historically,but it 

will be followed With only this brier caution. The term V-partiele will 

frequently be ft:b'breviated by simply dropping the word particle. 

It is the purpose of this thesis to give in some detail. the 

evidence contained. in the photographs taken by the observers in this 

laboratory aad the arguments basic to their conclusions concerning the 

existenee and pJ;"Operties of the V-particles. Where later work bas added 

to our knowledge these conclusions will be modified, and in some of the 

many cases where the data aw still inconclusive, particularly With regard 

to the number and type ot secondary pa~ticles, suggestive arguments will 

be given. 

Although the hist0.ry or the V-partioles is still sufticientl,y 

short to be treated with some eo.mplete~ss, no special f':f'ort will be 

made in this direction, since the val1.ou.s independent observations (with 

the exception of the single case or Hopper and Biswas) are essentially 

the same as those made in this laborato17. It 1s s1gnU'1cant that all of 

these observations have been made W1 th cloud chambers controlled by 

counters sensitive primarily te local..J.vproduced penetrating showers, and 

it will be clear f'118m what follows that such an arrangement is highly 

advantageous. 

It is interesting to note that prior to 1947 at least two pub-

• lished reports contain evidence tor the existence ot V--particles. 

J. Daudin ( 9) describes several peculiar "oolllsions in the gas" of which 

his Figure 16 is probably a case ot vi-decay, and Janossy (10) published 

a similar case without comment in 1945. Several other photographs men­

tioned by Daud1n are possibly cases ot V0 -decay-. 



Although there have been numerous other reports ot new 

particles, especially various tau-mesons, there is no evident con­

nection between these particles and the V-partioles, and 1 t is. 

important to make a clear d1st1nct1on between them. 

3 
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II. THE APPARATUS AND ITS OPERATION 

The Chamber 

The cloud chamber Wld magnet used in this experiment were the 

same ones previously described ih a report on the decq products of the 

mu-meson (ll). ThEt chamber, ot the freely falling tn,e, was eylindrioal 

With a diameter ot 30cmand a dept)l ot 12cm. The entire volume was 

illuminated from the rear and photograpbed stereoscopicall7 with an angle 

ot about 10°. The chamber was filled w1 th argon at a pressure ot about 

19cm ot Hg above atmospheric pressure (i.e. 95 om at sea level and 71cm 

at 3200m) and saturated with a water-alcohol mixture at about 25°0. The 

strengt~ of the .magnetic field was usually about 6300 gauss throughout 

the ohamber. 

Geiger Counters u<i Absorl)~n 

The arrangement of geiget- counters and absorbers in and around 

the chamber (shown in Fig.9) was designed to favor the production and 

selection ot locally produced penetrating showers. The 26em ot lead A, 

above the chamber Bild counte:rs>was U$8d as a target for the production or 

penetrating showers by the Tecy energetic pr1mar1es. The lead absorber 

B, between the two counter banks 01 and o2, was 4cm thiek and was placed 

so as to shield d2 trom low energy particles, e.g. knock•on electrollS, 

which pass through c1• The 2cm lead plate O was placed across the center 

of the chamber to allow a study of 1he interactions ot the shower 

particles with the lead. In pQSition, the chamber wes held immediately 

between the pole pieces ot the magnet (not shown), which were iron 

cylinders about 35cm in diameter surroundied by about 10cm of copper. 

The firing ot the chamber was oont'rolled by the three banks ot geiger 



counters 01, o2 , and o3• o1 and o2 ,above the chamber , were ident1eal 

banks of four counters connected so that the voltage on each counter 

could be adjusted separately to insure equal pul.ees from the individual 

counters. , In each bank the pulses from. the tour counters were added and 

the detector biased so as to eelect combined pUlses due to the simul­

taneous firing of either two or more, three or more, or all tour ot the• 

counters. 03 ,attaohed so as to ri~e and tall with the chamber, was a 

bank of seven counters simply connected in parallel tor the most of this 

experiment. The chamber was expanded when a coincidence was obtained 

between selected multiple pulses from c1 and c2 and a pulse from c3• It 

was thus possible to require up to a nil1$•fold co1nc1dence using only 

three separate channels. 

The entire apparatus and all auxiliary equipment eJil:cept 

electrical power generators were mounted 1n a large inclosed trailer 

which was operated first at Pasadena (altitude 230m) and then at White 

Mountain, Oal1:t'ornia. (altitude 5200m) • 

Counting Rates 

Approximately e,ooo photographs were taken in ten weeks of 

operation at 3200m and about 3000 in a somewhat longer period at 250m. 

At 3200m a six•fold coincid.enee ot tbl"ee or more counters in c1, two or 

more in c2 and one or more in o3 was required. 'l'he counti,n,g rate was 

about 10 counts/hr., and with a delay of 2.5Jnin. after eaoh expansion 

this gave a picture taking rate of about 7.5 per ho~r. The counting rate 

for the same requirement was only about one count/ht. at 230m wb.ich i.s 

consistent with the expected decrease in intensity ef the rad1attoa •• 

capable of producing penetrating sllowera. At the lower altitude. ta . l•s 

selective coincidence requirement w~ used for actual ob.servation~, since 
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an increase in the counting rate ·was acceptable and offered the possib1lit¥ 

of an increase in the abaolute ,rat.e at wld,ch penetrating showers were re­

()orded, even though the percent/age ot such photographs decreased, Either 

a tive-told ooincid~~ce (two or more of o1, two or more ot o2 and one or 

more ot o3) or a t'<)ur--fold coincidence (two or more of o1 .and two or more 

of C3) were used. Both gave counting rates between two and three counts/ 

~e Pho.t.ograph,s 

In Table I are 11s ted the percentages of the -various types ot 

events photographed, A "penetrating shower" is defined as any group ot 

particles apparently proceeding from a common point and containing two or 

more minimum ionization part1oles 1 other than electrons, at least one ot 

which tra.Yerses the lead plate o. All particles of the group except 

identifiable eleetrons# are referred to as "penetrating shower particles': 

Under "electron showers" a.re listed those photographs not showing a deti­

Bite penetrating shower but containing a au.mber of particles 1demtif1ed 

as electrons. These ele~tron showers may also contain some penetrating 

particles. Cases ot e. group of relativistic particles. none of which 

traverses 0 1 and cases ot several relativistic particles not eoncUl"l'ent 

are included under nother multiple e:vents •" 

#Tracks due to electrons (or any 'fery light particle) ot 'momentum below 
100 Mev/c were eas1~ tdentif'ied by their 1o:n1zat1on. and ,curvature in 
¥lie :r1a·~t1-c::·'i'i 1eld. • -In add1 tion, most of the electroilS ot higher mo.men.ta 
are 1d.entitia\,le 'by their electromagnetie 1.ntaractions as ther.e 1.s only a 
small pr6babt11 ty ot finding a s:tngle en.el'get1c electron eJilel'ging from 
the heavy material aro~d ·the chamber ·uaaecom,pani.ed by· low ene-rgy elec­
trons. Als~ the p;robabil1ty is about e;--4 of such an elee~ron traversing 
the tour radiation; units of the plate O without a veJ!!! large energy- loss 
or the production ot an electronic cas~de. 



TABLE I. - - Distribution of photographs 

me of Event 

Penetrating Sb,owers 

Elegtron Showers 

Other Multiple Events 

Siil§le Particles 

Altitude 
Selection 
Rate 
'fot. frames 

No Particles or Poor Photo1ra~& 

% of photographs 

3200m 
3-2-1 
7.6 e/h 
8000 

40 

10 

15 

15 

20 

230m 
2-2-1, 2-0-2 
2 - 3 c/h 
3000 

20 

12 

13 

25 

30 

7 
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Actually l'naD¥, and perhaps most, of the events selected with 

the six-fold coincidence requirement but not clf,!Ssif1ed as penetrating 

showers are of' the same .type as the showers. That ts, they are events 

which result from the production in A· of a group of energetic penetrating 

particles. This is certainly true of the multiple events containing no 

particle which traverses G, As for single particles, the probability ot 

a single penetrating particle p'l'Oducing the six•f'old coincide-nee is quite 

sm14U. Moreover, the a.ppt"orlmate constancy With altitude of the per­

centage of photographs showing these e-vents suggests that .Dl.aD1' ot these 

are due to showers 1n which only one. particle entered the chamber. The 

electron showers, too, 81'e in .ll18D1 oases probably penetrating showers 

accompanied by cascades from the decay near the chamber of energetic 

neutral p11es0ns. 

The chiet effect of the use ot the lesa selective coincidence 

requirements appears to be a decrease in the number ot :1dentif1ab.le penetra-­

ting showers and a co~sponding increase 1n the number of apparently' 

single particles. These etteeta aN due 1:x)th to t .he selection ~t. some 

actually unaccompanied particlts. ,:'wh1ob produce knoclt•on electrons t-o give 

the multiple coincidence, and to the selection of some .smaller penetrating 

showers wi ·th a correspondingly greater probab:111 ty ot sending oll,ly one 

particle through the chamber. The al)solute cOlµ'tting rate tor shQwers is 

pl'Qbably slightly 1ncreased. 

Improvements of the Apparatus • 

Although the apparatus as designed was quite. e:ffiq1ent in the 

se!ect:lon of local psnetrating shower,s {whieh are ap:par.ently the source ot 
L • • • • 

. ' 

the V-particles), 1 t is somewhat coineida.ntal that t~e ge01r.etry- c~osen 

also allowed a reasonable probability ot observing V-partiel~ deeays. 
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Obviously the short lifet ime of the v!particles ( their mean f r ee path 

before decay is about 3g em,where g;.Pc/Me2} requirestWit the target i n 

which they are tor.med be even much closer to the ohamber than the 17cm 

used here. Somo co.mpromise is necessary to allow tor a counter system 

of sufficient selectivity and solid angle, but the sohe1Wii1 employed here 

is both wasteful of space and too selective. In chambers not of the 

falling type it mey be possible to :place most or the eoU11ters below the 

chamber and require multiple coincidences there without greatly reducing 

the $1':te.ctive solid angle. In Appendix A it is shown also that the effec­

tive thickness of the. target is limited by the decay of the V-:partieles 

and has an optimum value which increases slowly wi. th S• 8 about three or 

less is the case of most interest, since it is only tor these low momen• 

tum V-partioles that the decay products can have mome1toa measurable in 

the magnetic fields available. For these g the optimum thickness is ot 

the order of 10cm ot lead. The use of the plate within the chamber still 

seems quite worthwhile, since it provides a nearby- source or the short ... 

lived v!-particles and the very slow V0-particles and under conditions 

where the origin can be accurately located and closely studied. Moreover, 

addi ti.o:nal valuable information as to the nature of' the decay products is 

still to be obtained by observing their interactions with the dense 

material. 

Momentwn Meaaurements 

The measurements• ot momentum based upon track curvature in the 
; ' 

magnetic field were severly li.mi ted throughout this e:Jtl)erir.1ent , 'by mov'~m.ents 

of the ch,aruoe:t· gas which produced siiea.ble dietortio:ns 1,n the t.'rae~s.~ 

Although the walls of the chamber and the magnet pole pieces· ,wtre; t~e.~ ... 

stated with so.me care, the~ still remaillad temperatur~ d:i.f:f'~reJu3,es'( between 
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various parts of the chamber or about 0.1°0 or less. The slow gas 

currents set U,P before the expansion· by these differences were· sufficient 

to produce large distortions during the 0.3 sec. in which the chamber was 

falling out of' the magnet ga:p and into view of the camera. The effect of 

this long delay, coupled with the extra difficulties in thermostati.ng 

falling chambers. would seem, thus far. to render them unsuitable for 

accurate momentwn mea$uremen.ts. • ;tn. the most favorable · cases observed 

here it was imposed ble to detect eurvaturea corresponding to momenta 

above '700 Mev/c or to make quantitative measlit>e.ments above 500 Mev/c. 

In unfavorable cases• especially • for tracks near the solid parts ot the 

chamber• the dis tort ions were, sufficient to pr-oduce f',-shaped tracks with 

curvatures of the segments corresponding to momenta of the order of 100 

Mev/d in tho 6300 gauss fiel4. It is thµs neeessary to use considerable 

caution in drawing conclusio.,- from these photographs based upon indivi­

dual momantum estimaf-~ -- In only one extremely favorable case is 8l:l,ll' 

emphasis placed on sue)l a measurement, and in most other cases a perhaps 

exaggerated conservatism Js invoted. EYen so ,the presence of the magnetic 

field is indispensable t.o a i-apid e.ud accurate qualitative undsrst~ding 

of the events obsene~, 81:).d no complete analysis of the properties of the 

V-:particles will be possible without the use of momentum measurements. 
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III. THE V-'l'RAOKS 

,(lmong the 8000 photographs taken at 3200m there were 27 

examples of V-tracks which probably result from the decay of V0 -particles. 

Tw·o of. these V-tracks appear on one photograph. Eight of the 3000 :photo­

graphs taken a.t 230m also sho\v a :probable case of V0 -decay. Most of the 

data pertinent to these 35 oases is in Table II . There were in addition 

five photographs shm'!ing a possible ease of vt -decay, all taken at 3200ln. 

They are described in 'table III. 

The number or V-traeks per photograph is• of course, strongly 

dependent upon the size and geometry of the apparatus and the type of 

counter selectlon. To minimize the etfeet of counter selection we can 

consider the number of v-tracks per penetrating shower as defined in 

Seetion II. We have observed about one v-track {of the V0 type) per 100 

penetrating showers at both altitudes (120.t,20 at 3200m end 76,i50 at 230m) 

or about one per 30 hours of operation at 3200m and one per 200 hours of 

operation at 230m. There are also abo11t one track of the v±.type to five 

of the V0 type. Armenteros et al (6) • using the original. apparatus of 

Rochester a.nd Butler which is very sim1lar to ours, observed 22 V,gparti­

cles and 4 vi -particles in 7500 photographs taken at 2967mo They eounted 

1500 °penetrating showers'' on these photographs giving about one V0 -parti­

cle per 70 penetrating showers. Their dafini tion of a penetrating shower 

was more restrictive than ours. and a similar criterion applied to our 

data gives comparable results. Jrurther experiments in these laboratories 

( under Prof. R. B. Leighton) using se,reral modified geometries give ratios 

of the same order ot magnitude • 

.1:J;:ic~..mp l es of ·c;he photographs showing V-tracks are included. in 

F1gures l~a. The cases photographically most satisfactory have nat~ally 

been chosen. Only the front view of the stereoscopic pair is shown. 
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Figures l and 2 show· more or less typical oases of v 0 -decay where the 

decay products are relativistic and form an angle considerably less than 

90°. Both are assoeiated with visible showers and r;,Jem to preserve the 

general di:rection of the shower. Figures 7 and 8 show t wo or the eases 

ot V-decay where the v~partiole appears to originate in. a nuclea~ re­

action in th~ l&ad plate. Figures 3 ,t~. 6 illustrate various special 

cases. All of these Will be discussed in more detail elsewhere. 

It must ba emphasized that in many cases 1t may be imposs ible 

to distinguish between V-traoks resulting frcm the decay of V0 -part1cles 

a.nd. those f'l'om the decay of v!:.--pa:rticles • especially if the decay schemes 

are unknown. Oases like those of Figures land 2 are most likely assoc­

iated w1 th V"•decays. V- 1;:racks like those in Figures 7 and 8 are un­

doubtedly due to v!-part1c1es , ii' they are :produced by a V-particle at all. 

There are .tnany cases, howe~er, where the angle included between the two 

segments is more than 90°, and the orientation of the V-track is such that 

its classification is quite ambiguous. In two cases {9- 54 and 1-116) 

where one track segment appears to enter from above the cases were in­

cluded with the v±-dece:Js. 9-54 is especially uncertain, however. In 

several cases similar to P 42-86 (Figure 4) ,where a line diiri.ding th,e 

angle of the V•track points downward and roughly in the direction of 

associated shower particles , the tracks were included among the V0 -decays. 

These as:sign.n1ents are arbitrary, however, and conclusions drawn from 

these cases should be subject to special scrutiny. 

In ten cases one or both of' the particles resulting from the V­

deeay enters the 2cm lead plate along suoh a direction that the particle 

or its interaction products should be visible below the plate (except. of 

course, for :particles scattered parallel to the plate or absorbed in it). 

The results of the interactions or thes0 particles with the lead are given 



in i'able IV and :provide valuable elues to the identity of the decay 

produ~ts. 

13 

The subscripts l and 2 in Trible IV refer to the panicles l and 

2 a.s identified in Tables !I and III. I' and P' are the ionization and 

momentum of the particle after traversing the plate. Una.er TravG 1 and 

2 are listed the results of th.$ interactions. In one case a three pronged 

star (~3) was produced, and 1n ~ second caee the particle apparently 

stopped tn the plate ld:thout prod'1clng visible secondaries. In all the 

remaining oases only on-e visible particle emerged, apparently the original 

particle scattered throUgh the angle given. 
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TABLE II: THE V0 
... P.ARTI OLES 

11he quantities listed in the various columns have the following 

significance: 

No. is tb.e r.el and frwne number ot the photograph.. P indicates 

that the ree,l w&s exp0$ed in P8.$adena at an altitude of 2$0m. 

f is the. total a~le or the V•track calculated graphically 

trom the two etereosc.opte vie-ws. 

Ii is the estimated ionization or the particle whose track forms 

the first side o.f the V, counting aoun.ter-clockwise. In 

many cases upper and lower limits are given. These estimates 

are in unit$ or minimum ionization tor a single charge, and 

are obtained by Vi$Ual.ly comparing the track to tracks ot 

rela'tiv1stie particles on the same photograph or adjacent 

photogl:"a;phs. They represent a consensus of several observers, 

and, Judging trom observations on recognizable protons >seem 

to be reliable at least in distinguishing factors or two in 

ionization. 

P1 is the mome.ntwn. of the first particle calculated from its 

curvature in the magnetic field. These measurements are 

discussed in Section II. They are very unreliable end in 

moat case& only a lower limit, indicated by parenthesis, 1.s 

gi.ven. These- li.mi ts are obtained by comparison or the pro­

Jeoted track w;ith a s~t et drawn. circles and vary with the 

length ot the track, its position in the chambe~, etc • . p and 

n indicate the sign of the charge where it appears to be 

detectable. p indicates that the particle is positive it 

moving a.way trom the apex of the V. Tracks clearly too short 
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or distorted to be me-asur€d are indicated. 

is the angle between the first track and the supposed 

path of the V-particle. The path ~f a v0 - p~rticle is 

here taken as e. line j oin1.ng the origin of an apparently 

assoc1.ated nuel.ea.r event (penetrating shower or star) 

and the apex ot the V. Values are given tor those cases 

in which the assumed path lies within a few degrees of 

the plane of the V. The angle is positive 1f the path 

lie!JS between the sides of the V. The error :ln 81 ,due to 

uncertainty in the location of the orlg1~ of the assoc­

iated event, is usually less than t 4 °. 

I 2, P2 and $2 a.re the ionization, momentum and angle of the second 

tra~k. 

AcaC1.tnp. indicates the type ot visible nuclear events a-0compa~­

ing the v .. particle. Sn. raters to a penetrating shower 

of n--particles originating above the chamber. These 

8l'9 apparently the eve.nts Which provide the triggering 

eoino14e.nce. '" indicates a secondary .nuclear inter­

action of n·-pa;rticl9s :produced in the plate c or in the 

chamber walls by a particle of a sh()wer. 

W i~ the angle between the plane of th$ v-track and the 

particle path associated with tha given accompanying 

event. The errol's listed are estimated mwd.mwn. errors 

d~e to uncertaintie.s in the locetion o:r the accompanying 

event e.n.d the plane of the V., 

d is the distance between the points at which the extended 

path of the V•particle eJY.ters and leaves the clearly 



illuminate cl portion of the ohrunber. Where no nuclear 

event .ie observed a line bisecting the angle¢ is 

arbitrarily assumed to be the path, 

X is the distance between the point at vlhich the V-particle 

path enters the illuminated portion of the chamber and 

the point at whieh the. V~particle decays. 
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TABLE I !I : '!HE ,! .;..PARTI CIBS 

'llle qu~tities listed in the various columns have the same 

signit'icanca as the simil.ar q_uanti ties listed in 'fi:..'ole Ii: with the follow­

ing &xoeptions: 

SU.bscripts l & 2 refer to the upper and lower segments of the v­

traek. It is assumed that track l was produced 

bf the Y--p~~ticle moving generally downward. 

is. the angulal.' deflection o-r the V-track at the 

apex o:f.' decay point. It is the angle betwe&n track 

2 and 'the extension .of t~ck 1. 

Aocompruwtng ~vents are listed tor those oases in 

whioh track l actually ori~nate& in the event. 

d & x are .measured eithE;tr from the point at which track l 

enters the chamber or from the point at which 1 t 

is first visible. 
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TA.BIB Ill 

No. ¢ I1 P1 12 p 2 AeeOlllp~ a '.lt 

(deg) fa min) (Mev/e) (~) (em) 

1•331 7 l. ""' a $hott l ,. .a (400) $3 ll 4.5 

1•116 15 l (200) l (600) 25 ; 

J,.).336 34 l short 1 (600) s:3 l3 4.5 

S.l.28 40 .. Short 1 {300) $3 1) 8~5 J.. 

9•54 60 4 ~ 10 dist,. 4 .. 10 dist. SS? 15 7 
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TABLE IV. - Interactions ot the decay products w1 th 2cm ot lead. 

No. Trav. l I' pt 'l'rav.2 I' pt 
l 1 2 2 

(deg). (x min) (.Mev/o) 

2•150 0 a -1 4 dist 

2-181 0 l short 0 :i short 

9•88 0 l short 6 l (500) 

1-126 s3 : 10 l (300) 

5•121 6 1 (300) 0 1 (600) 

17•285 0 l ... 2 2 - 500 40 2 • 3 (300) 

11 ... 130 l l (300) 

2~255b 0 1 dist 

11--66 stop 

1-116# 0 l (600) 

#charged V•partiele 
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IV. AN I N'I1Tm.PRETATION OF THE V- TAACIC.S 

We shall now examine several known proeeeses tc determine 

the extant to which they can account for the V-traclcs. we shall see that 

With the large :nwnber ~ cases reported here it is possible to give ree.l 

significance to argwnants of the type originally made by Rochester and 

Butler (1) excluding an,.y such p:roctsses as a valid interpretation of all 

tlle data. In addition,it will be clear that the assum;ption of a. new 

deoay process as the or.I.gin ot the Vtracks is consistent with the data, 

ei,.d in the f'ollowtng seetions a number of' deductions from such an assump­

tion will be discussed. 

Neutron induced st8l"S in the gas 

The 8000 photograpb,s taken. at 3200m show about 14000 tracks 

ot Qharged penetrating shower particle$ from which the neutron tlux in 

the eluamber can be estt,mated. J,:tsasurements ot ionization and curvature 

indicate that about 1'700 ot th,s• paJ.'t1oles are protons of momentum less 

than 800 Mev/c. The data above 800 'l,lev/e an consistent with a differen­

tial mo.mentWil spectrwn appro,xlmatel.1' ot the form p-2 containing 8ll addi­

tione.l 3600 protons. :tt w• correct te.r the protons lost by ionization in 

the lead • above the chamber- and, Ql:l\Ulle· that the p10tons and :ne.utro~ are 

produoed tn penetrating ~hO"l'S . ,:io~ ll proportion to their nllm.be:rs 1-. 

the target nuclei, the• w& est1illate \hat t .here should bo about. 7000 neutrons 

ot momentum greater than. 800 'fllrf/o tl'averstng SOM. part Of' the chamber. . • . ' 

From the space distribution ot th$ charged particles tt appears th$.t the 

mean path in tbe chamber ot the showe.,;, part:tc1,s ,ras about 28em, .and about 

f5% traversed the 2 oin. lead plate.. The total patb length tor tl);e .t1eutroDS 

was thus abot1.t 210 gm$ ot argon (d~nsity of argon: 1.5 x 10•3 wn/co at 
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25°0 and 71cm of Hg) and 114,000 grns of lea.do If. the mean nuclear inter­

action lengths for neutrons in argon and lead a.rs B5 gms and 160 gms 

respectively-,# ·they should :produce four nuclear i.nter.-;..ctton_e j _!) ·!;he gas 

and 700 1n the lead plate. 

We have observed, in addition to the V-tracks, four events 

classed as stars produ.ced in the ges by a neutral particle. One contains 

eight heavily ionizing tracks (probably protons and alpha ... parti.cles) and 

one seven. The other two have two heartly ionizing tracks each, all 

probably :protons or heavier :fragments. About 100 stars apparently pro­

duced by neutral particles were Qbseffed in. the lead plate. ll'or the 

nuclear events due to -charged particles each 100 visible stars are aeeom­

panied by 200 to 300 other nuclear interactions such as large angle 

scatterings and anomalous absorptions. The estimated neutron f'lux thus 

appears to be slightly high, and we conelud-e that unless there is some 

-very special reaction taking place no more th.an. two or three of the v­

tracks can be due t0 neutron induced stars. 

It should be noted, moreo-ver. that the type of ti .. -o•pronged 

star which could simulate the appearance of the V-tracks is quite ratui i:a 

most materials ,~f it exists at all~ Fewer than 20 of the interactions 

observed in the lead are e-ven remotely similar. If the cross-seetioa for 

the production ot V-tx-acks were proportional in argon and lead to the 

#These values are in the Jl'f:ltio of' the geometric cross-sections with the 
value for lead taken about equal to tha:t COlU!llODly' observed for particl,.,es 
producing penetrating sh·owers or nucleax- stars. Obser\tetions on 3000 
charged penetrating shower particles (protons and pi-mesons} in tllese 
:photographs indieate an upper Hmit to the mean interaction length in 
lead et 230±30 gms. 



geometrical cross-sectirJns 8 then about 5000 v .. tracks ori ,inating in the 

lead should have been obse!'Vedo On the other hand, if the V-trac'ks are 

due to the decay of :particlei1 originat:tng above the cr.:....mber, 'fewer than 

three should appear to originate in the plate., 

Scatteripg ot chargeq_ p.art1 oles in the s¥ 
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The charged :penetrating shower pat'ti cles '.( almost entirely 

p:t'Otons and pi-mesons) ca.n be scattered by interaction with either the 

ele<:trostatic or nuclear force field of an argon nucleus. Th9ir de.fleeted 

tracks might be classed as V-tracks provided there ware no evidence o:f the 

scattering in the form of charged recoil particles. The probability per 

centimeter of t r ack of a eoulomb scattering between a and a + da degrees 

is just 2 k da / a~\ where k is 4'\\ Nz2 e4/{pv) 2• M is the number ot 

scattering centers of charge ze per cc; e, p and v are the charge, momen­

tum and velocity of the scattered particle (we assume that v does not 

change appre e:l!a"bly in the .scatter.ing). • For the chamber argon (at 70cm of 

Hg and 25°0} k= 1.8 x 10-3/bv) 2, where p is in Mev/c and v in units of o. 

According to Williams ( 12) this formula. holds :f'or small angles up to a 

maximum of the order tt/pb where the finite size of the nucleus causes a 

large decrease in the scattering. Ii is Planck•s constant divided by 2ll 

and bis the nuclear radius of the scatterer. For argon n/pb is ot the 

order of 40/p, where p is in. Mev/c. Finally, the probability per cm of a 

scattering through an angle between a and the maximum (where a is con­

siderably less than the maximum) is approximately 6/(pva) 2 ,where a is in 

degrees, pin Mev/c end v in units ef o. 

Now considef; the expected frequency of cases like 1 .. 331 

(Table III) where a particle of' moment'W.ll greater than 400 Mev/o 1s 

apparently deflected thr<:>ugh an angle of 70°. For a particle of 400 Mev/c 
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momentum the :probability of a coulomb scatte1•i:1g much larger than 7f' ' is 

negligible , and tor a pi-meson of that momentum the pJ>obabili t~r of a 

ecattering say greater tb.m1 3° is about 5 x 10""5 :per crt1.. Mome~tt1.m 

:measurements indicate that there a:i;-e perhaps 1500 mesons with momenta 

between 300 and 500 Mev/o, with a ·total visible path of about 3 x 104cm. 

Thus one might well expect to observe such a. scattering. Si.!llilarly if we 

assume in 9-54 (Table III) and P42-8S {~able II and Fige4} that the 

deflected track is -that of a :pi•tneson ionizing at 5 x .min, the expected 

trequency of sc~tterings greater than say 20° is again of the order of 

5 x 10•6 per cm. Here, howevex-, the total visible length of such traoks 

1s smaller by perhaps a factor of ten. On the other hand the appearance 

of two deflections aq large as those in 13-336 and 5•128 (Table III) due 

to coulomb scattering seems quite improbable. 

There is, however. another important consideration, namely 

the disposition of the momentum and energy transferred :J.n the scattering. 

In 1•331 this amounts to at lea."3t 40 Mev/c ct momentum (which is a.bout the 

maximum f'or coulomb scattering} or at· least 20 kev of energy if the re-

coil particle is an argon atom. This is sufficient energy, if dissipated 

in ionization, to prodt'ice about lOOC ion pairs and a distino·t blob on the 

cloud chamber traek. ·Tue veloei ty of such a.n argon nucleus is, however, 

only about o.OOlij. This is about the same ordel" as the orbital velocities 

of the oute:r electrons, hence little ionization may occur. In several 

similar cases {n.ot in.eluded as · V-trae~) distinct blobs have been observed 

at the deflection point. ho,vever they .may have resulted fr.om direct nuclear 

scatterings, in which the energy transfer is much greatir, eapecia.lly it 

or.ly a part of the nuele-u.s recoils. 

We shall assume (see footnote above) that the mean length for 
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dir.eet nuolear in.teractions of the chal"ged penetrating shower pe.rticles 

1s 55 gms in argone F-0r this ease the 14,000 particles visible on the 

3200m photographs should have :produced about eight nt1c?,;.., a!' s~atte:r.ings in 

the gas. For such s oatter'i ngs the angle is not lirni iied.. However• large 

energy transfers producing visible sta!'S should occur , since the ine1de.nt 

particles, of wavelengths less than 10"'."1:-5cm, interact primarily v.1.th 

single nucleons. Sh: cases of such ste:rs in the gas containing recoi.l 

pro·tons, al:pha- :particles or heavier t:ragraents were observed. There is 

t he possibility that cases like 13~336 ahd 5-128 represent nuclear inter­

actions in which only neutrons a.re ejected and no residual excitation is 

dissipated: in ionization.. Although the possi.bili ty seems ra.m.ote there is 

11 ttle data :for q_uantita.tive arguments . 

The posaibi.lity- the.t t~ V-ira.cks inelud~ examples of the 

produc·M.on. o:f' electron pairs in the gas can be limited on two counts. 

T'nere is direct evidenee in many C)'ases that the particles producing the 

v-tracks are not electrons (see Section V).. Also the cross-section for 

pair production as a fu.nction ot i:neluded angle .of the pair is negligible 

for angles several ti1~s Mc2 /pc where both particles have appreciable 

momentum. Here Mis the eleetro:n mess and :p the momentum of the incident 

photon. In most of these cases the resultant .momentum of the two v-track 

particles ts greater than 300 Me-v/c which corresponds to mean aleetron 

pair angles less than O.l degre$. The smallest V•angle recorded here is 

3. 5 degrees. Aetually, no . eases of apparent electron pairs 1n the gas 

have been observed outside of large electron showers. 
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Pi-Meson Deea.y; 

lt ean easily be shown from the observed angles and momenta 

that most of the V•traeks are not due t o the deoay in flight of pi-mesons. 

If the pi-meson (275 electron masses) decqs into a. mu•meson (210 electron 

masses) and a neutrino, then the ejection velocity of the mu•meson in the 

center of mass system (OM system) is v • 0.26e • Its momentum in the CM 

system is p = 29.5 Mev/e and its momentum. p1, in the lab system is variable. 

lf the pi•meson has a velocit7 ireater than v (a momentum p greater than 
0 

38.5 Mev/e), then the angle a {in the lab system) between p0 and p1 has 

a maximum value such that sin a= 38.5/p0 , where p0 is in Mev/e. This 

result follows immediately if one first writes an expression for tan a 

in terms of v; the pi-meson velocity; a.nd the angle b (in CM system) 

between them and then maximizes tan a with respect to b. It is obvious 

also tha.t if a has a maximum value, it is given as well by sin a = 29.5/p1, 

for a fixed Pi• since the maximum sidewise component of Pi is just the 

momentum of the mu-meson in the CM system. 

We can now see that if both particles in a pi-mu deeay are 

ionizing at minimum., then the momentum of the DIP. must be above 100 Mev/e 

and the deflection angle must be iess than aCP. P6-204 (Table II) could 

be such a ease of pi•mu decay, however the other cases of angles below 

20° (l-331 at 7° and 1-116 at 15°) have momenta probabl1 suffieiently 

large to exclude the pi-decay interpretation. 

In 9•54 (Table III) and P42-86 (Table II and Fig. 4) tracks 

of very uncertain curvature and of ionization between four and ten times 

minimum undergo deflections of Sci' and 54° respeetively. If these are 

eases of pi-mu decay, the momentum of the pi must be less than 45 Mev/c 

and its ionization more than six times minimum. In addition. if the mu-
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meson is to have an ionization es low as ten times minimum, then the pi­

meson must be ionizing at about ten times minimum.# However much this 

would seem to stretch the estimated ionizations and curvatures one cannot 

definitely exclude the poss1b111 ty that one or both of these eases repre­

sents a pi-meson decay. This point is especially critical since the case 

P42-86 gives a low V0 -part1cle mass if it is actually a case of V0 -decay. 

It is interesting that the expected frequency ot pietneson 

decay in the chamber is not negligible. It the mean lifetime at rest is 

t 0 = 2 x 10-8 see, then the probability ot decay" per centimeter of path 

is about M/p0 t 0 C which 1s nearly l/4p01where Mis the pi-meson rest mass 

in Mev and Po its lllOmentum 1n Mev/c. An estimated 1000 to 5000 em of track 

due to mesons below 100 Mev/c momentum were observed. These should have 

shown about ten pi-mu. decays. One sueh case was def'ini tely observed. There 

were an estimated 2000 mesons between 100 and 500 Mev/c traversing an 

average of 20cm ot the chamber. About twenty-five ot these should have 

decayed in the chamber sad about 90% should have shown deflections greater 

than 3°. No definite cases were recorded. Apparentl.1 the observation 

efficiency for small deflections unaccompanied by re.coil particles was 

about zero. 

Mu-Meson Decay 

The number ot Jll\L"l"mesons decaying in 1"ligb.t in the chamber 

should be negligible. It all ct tht m.u•.mesons ~I"'_. produce.d by the decay 

ot pi•mesons ,their f'lux should be about 1% of' the pi-meson flux. The 

f Thlis results from the :tact that tor a pi-meson momentUlll 8$ gJ.'eat as 45 
Mev / o ant an angle a :; 60 ° the mu must ha'Ye been ejected 'backwards at a 
large angle in the OM system, its 'felooity 1n the lab system being reduced 
below the value corresponding to an ionization of' 10 x minimum.. 
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probabil1 ty per centimeter ot mu-decay in flight is also about 1% ot the 

probability tor pi-mesons , so that the expected number of mu~decays is less 

than the expected number ot pi-.decays b:1 a factor or 104• None of the 

observed V-traoks are consiste·nt with the angles and momenta expected in 

mu-decay. 

We conclude that the large majority ot the V•track:S result 

from some new precess - it>. all probab1li ty the decay of one or more new 

particles. Probably no more than tive of the cases listed 1n Table II 

can be explained by the processes di,cussed, and though th• pereentege ot 

doubtt'ul cases in Table III is I11UC.h h.1ghe3J', several o! the eases ot -f­

decay reported by other obsel"'Vers {6)(4) an quite coll'11ncing. We sbi,lll 

assume in what follows that V0 -j>artioles and V•-partioles exist and decay 

to form the obsel""fed V-tracks. 
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SECTION V: THE DEOAY PRODUCTS 

Though it is still not possible to definitely identity the 

decay products of the V-particles, some information as to their charge, 

mass and interaction with nuclei exists. 

V0•Particles 

The V0 -part1cle• are observed to decay into two charged 

particles. The possibility that neutral secondaries are also produced 

can as yet neither be contil'Jl.led nor excluded. In most oases one or both 

ot the visible decay products are ionizing at a rate indistinguishable 

from that ot relativistic electrons, and 1t is concluded that these decay 

products carry a unit electronic charge. l3oth positi•e and negative 

Charges have been observed, and whera'V'$r the signs of both particles were 

determined they were opposite. We assume that this is always the case 

thus conserving charge in the decay. 

The presence of electrons (or any very light particles) 

among the decay products is quite doubtful. since electron secondaries 

were produced in none ot the 13 eases where a relativistic decay particle 

struck the 2cm lead plate (see Table IV). Ten of these cases were from 

five V-tracks in which both particles struck the plate. In 12 cases the 

particle emerged unaccompanied below the plate and 1n one case a nuclear 

star was produced. The probab111tr ot an electron traversing the tour 

radiation wuts of lead without multiplication or large energy- loss is 

about e""4• 

Measurements of ionization and curvature Qt the tracks ot 

the decay- particles permit meantngtul estimates of ~eir mass in only a 

few favorable cases. The :f';ll"St track of 11-66 (F.t.g.6) ts 13cm long, 
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apparently undistorted and ot large curvature 11,elding an e~cellent momen­

tum measurement ot 74 + 6 Mev/c. The ionization, 2 to 4 x mn, is in. a - • . 
~\~~ 

range easily estiroated. andA1s near several tracks of kn.own ionization. 

The ealculated .mass of this particle lies between 150 and 350 electron 

.masses. The sign or its charge is negative. In 5•438 (Fig.5} the first 

track is clearly ionizing above minilllWll ,and its momentum is almost certainly 

above 300 Mev/c. The mass of this particle is well above 1000 electron 

masses end cons is tent with Illa t of a plix>t-on. The charg8 is pesi ti ve. This 

V-track occurs near the top of the chamber, however, and may be part of' a 

star in the gas. In two additional cases {19-285 and 6-153) one particle 

seems to have a mass well above that of a pi-meson and consistent with that 

of a proton. 

The measurements ot mass have been cons idera.bly improved bi.r 

Armenteros et al ( 6) and by other observers in this laboratory. Armenteros --
reports f'our cases in which the mass ot both particles has been measured. 

In allot these the positive particle mass is approximately that of a proton 

end the negative particle mass is below about 350 electron masses. In 21 

additional eases the mass ot one particle can be placed within limits, an.d 

allot these are considerably less massive than a proton. Three are positive 

and 18 negative. The measurements 1n this laboratory a.re in general agree-­

ment with these resulte but they g1ve some indication that the positive 

puticle lll8y sometimes have a mass between those ot the proton and pt-..meson. 

'!'he 13 particles striking the 2cm lead :plate give evidence or 

having a strong interaction with nuclei. In addition to the star produced 

11111-126 the positive particle 1n l'l-285 is scattered through an angle of 

40° in traversing the plate. The particle has an estimated tn<:>mentum greater 

than 3.00 Mev/e tor whioh the probabi11 ty ot coulomb s.cattering (multiple o:r 



30 

stnsle) greater than 20° is less than 10-3. Armenteros has also observed 

at least one nuclear interaction in ,six traversals of a 3cin lead plate. 

Oombining all of the data we get a mean path for nuclear interaction .in 

lead or the order of 150 gms. Clearly-. at least one of the decay particles 

has a strong nuclear interaction represented by a cross-section of about 

the geometrical size of the nucleus. 

Although we must emphasize that none of the secondary particles 

have been definitely identified, most of the evidence is consistent with 

the conclusion that V0 -partioles decay 1n two ways1 produc1ng as oharged 

products: (1) a proton and a negative meson (pi or mu)(UJ a positive 

meson (pi o-r mu) and some negative particle. The identity of' this nega­

tive partiole is a pawtieularly intriguing ivstery. If it is a negative 

meson. then there must be two very different modes of decay or two 

di tterent V0~parti cles. More exciting is the possibility that the two 

modes of decay are very similt'\1", the second producing a ~§ati1re proton. 

In eitb.&r easg, i'rOm the relative numbers o:t observed positive .and nega ... 

tive mesons it appears that process (1) occurs in the chamber twQ to five 

times as frequently fl8 process ( 11). 

V~:Part1eles 

The V:.•particla, decays into a single charged partiele, and presum­

ably at least one neutral particle is required to oonserve momentum. The 

V-p4rticle and its obarged decay product both have a unit charie• Accord­

ing to Armenteros both have the same sign and can be e1 ther positive or 

seg~tive. Decay products of a mass consistent w1 th a pi 0r ,mu•meson have 

been obsarved (6)(4) , and in (4) evidence tor a nuclear interaction of the 

product is given. 
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VI. THE om:onr OF THE V-P.ARTICLES 

V0 -Pe.rtiales 

From Table II we • se,e that 24 o:t the 35 V0 -t:re.eks were accompanied 

by penetrating showe~ produced above the chamber. Six of these cases 

where the V•track was below the 2cm plate were also accompanied by a 

secondary- nu.clear interaction in the plate. In one case there was a 

possible event 1:n. the plate but uo shower. The ten rarnaining eases showed 

either electron showers, stngle particles or no accompanying particles. 

Th.is data bears on two important questions { 1) the orig:S.n of the 1.r0 -pa.rti­

cles and (~;t ) the number of decay :prGlducts they produce. 
' • 

Hip Ene,rQ' Events 

In all of the ¢loud cha.mber expertment.$ tn wlrl.eh V0 •particles 

2lave been observed the eXpans1ens were: triggered by counters designed to 

select penetrating showers. !n this eXJ>eriaent '10% ot th.e photographs 

showing V0 -particles al.so show penet rattng sbowers , Whereas the ~1'erage 

percentag.e of showers tor all of th'-' photographe .is about 40%. There is, 

~owever, much more direct e,ride:nce or tlle essoctation t>f V0 -:-partlcles and 

showers. 

Figure 2 is more o;r l-ess · tni~al ot ·14 c.esee ~ whic~ the V•track 

is oriented. s·o that on-e or both Ghargeti dEtcei• particles are traveUl:-ng 

generally in the dtreottoa ot t)>.e parti,eles ot a cle.a~ly d~tined $hower , 

just ae would be expecte<l 1.f . th$ v~•pe:rti,cle came fro~ the showe.i- origi.n and 

decayed tn flight at a ve1Qe.1ty la't'ge ,comparen to. the ejeetu,:a velocities 

of the decev pal:'ticles. Mol'e prectsely, a line arawn ·from t-he shower origtn 

tllrou.gh the ape:x: of the V appears to lie within a tew degrees of the plait.a 



of the V ,an.d its projection on the plane lies within the smaller angle 

between the two tracks. As in Section !II suoh a line will be referred 

to as the "path" or the V-particle. 

In order to satisfy thi.s criterion of' assoois.tion a shower 

origitt must lie above the V in a solid angle s whieh is ap.pro:d.mately 
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eql.Vll to 2¢ tan w, where¢ is the angle of the V and w is the allowed 

angular deviation between the path of' the V and its projection on the 

plane. The observed values or w are given in Tabla II. For the 14 cases 

discussed here w is less than the estimated errors of measurement , which 

are in moi3t cases about 4° and. certainly less than 7°. For i.v equv. to 5° 

s 1s approximately 0.003¢, \there ¢ !s in degrees. Sin(?e the showers are 

observed to occur abo'9"e the chember within a cone of. a.bout unit solid 

angle and since 1n most of tb.e cases there is only one clearly defined 

shower, the probability of observing an accidental coincidence between a 

V-part1cla and a shov,er is about equal to s. The probability of observing 

14 accidental coincidences -{and also the 5 probable correlations ~~th stars 

in the plate) out of 24 cases is negligible. 

We conclude that a large majority of the V0-particles are assoc--

1ated w1 th the penetrating showers visible on the photographs and are 

probably produced in these events. The only other reasonable possi b111 ty 

is that the V0 -part1cles result from a secondary nuclear interaction pro­

duced within the cone of s by one of the shower particles. For· some oT 

the eases there appear to be as much as 100cm or path of shower pe.rticles 

(charged and neutral) in lead-f!l.eM &t \'litteh ,!;e within the cone of s. · There 

sho~·d be about tive nuclear interactions within this cone but probably very 

tew if any re1ati vis ti~ tert1e.ey particl,.e13 which enter the chamber. Yfi thout 

a knowledge ct the expected !l'lltltber ot V0 ·4~Qttys in the chamber from each ot 
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these types of events I i t is impossible to decide between them as a. source 

of the observed V0 -:partteles. Ho\11ever, if the small angle v,-tracks repre­

sent very high momenta '11'0 -pa:rticles, then it is difficult to $ee how they 

could result r'rom the generally low energy secondary reactions of the 

shower :particles. :;e are inclined to believe that most or these 14 V0 -

parti cles originate directly in the very energetic nual~on~nucleon 

collisions whieh produce the penetrating showers . 

The energy of these events can be estimated as follows. Th.a 

a~eraga number of visible partiales per shower is about 4.6. From the 

solid angle subtended at the upper lead by the chamber and. the angular 

distribution of shower particles observed in :photographic emulsions, we 

estimate that there are about 15 anargetio charged ~articles and hanca 

about 25 energetic parti cles including neutral pi-mesons and neutron..~ 

:produced par shower. T.be momentum. distributions observed for the ~harged 

shower particles in this experiment are consistent with a mean particle 

energy of about 1.3 13ev. !fence the mean shower energy nru,g t be .in exeass 

.of 30 Bev. 

Se~onda,ry ;ll!'ven~s in the Plate 

Figures land 3 are examples of the six cases in which a v0
-

part1ele beloi.v the lead plate is acoom.panied by both a penetrating shower 

and a sacondary nuclear event 1:n the lead plate. In Figure 3 thEl V-track, 

which 1s n:e~ly ho:rtzont~l, does not appear related to the shov.rer,. but has 

an angle w of only 2° W1 th the star as an origin. In Figure l the a.ngles 

w With star and aho-wer are 5° ana 20° respectively. We ha'O'e :assumed in 

thes·e and th?ee other similar case.s, 'Where w is nearly zero only fop the 

star, that the v0 
... pa:rt1ele 1.s :produoed in the relatively low energy 

secondary event in the plate. It is interesting to note from Tab& II that 
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all of these V-tracks have large a.D.gles or particles ionizing above minimum. 

as might be expected f'rom low energy V-pat"ticles. On the other }land,. 

especially for large angles , som.e of' the correlations may be mean1ngle$S., 

Although it e.p:pears that v0 -part1cles can be prod.uct'M in both the 

high and low energy nuclear disruptions, 11 ttle is known about the thres• 

hold for their production,; the type of producing :particle,, the .mu.lt1:pl1c1ty 

of production, ete, The star 1n Figure 1 in apparently produced by a nega­

tive particle of only a few hundred M.ev/c momentUJn, and all of it$ particles 

except the heavily ionizing one could be electrons. This could be interpre­

ted as th~ production of a neutral pi-meson and a V0 -particle by a negative 

pi-meson. The star 1.n Figure 3 apparently conta.1.ns only slow protons or 

heavier particles and eontains a total energy- in protons ot about 350 Mev. 

V0 -particles have bean obs·erved by others in this laboratory apparently 

produeed in stars containing only two or three slow protons. ~ for mul,t1-

pli cities , v;re have observed one case ( 2-255} w1 th two v 0 
... part1ele~ apparently 

produced in a shower abOve the ehl'll'!tber, and McCUsker and Miller ( 8) have 

reported one case in whieh poss1b'.cy three V0 -part1oles are ;produced in a 

star in the lead plate., I.t the probability <>f' observing the decay of a 

V0 -produced above the cham.bei- is about 0.1 (see Section v;tII), then the 

production or several v 0-part1cles per shower may be quite common.., 

The Number of Dec& Products 

If the v 0 de(leys into only two particles, namely the two che.rged 

particles observed, then the conservation of momentum requires (1) thE1t 

the ,ath or the V0 lie in the plane of the v-track, i.e., that the angle w 

of the path from the actual origin be zero and (11) that the :projeotions 

ot the momenta cf' the cherged particles perpendicular to the path ot the V0 



be equal in magnitude and oppositely directed. (ii) implies that the 

:path of the V0 mu.st H _e wi thtn the smaller a.n.gle of' the V-tra.ck. 

If there 1s at leest one neutral decay produc~,then both 

criteria (i) and ( ii) m1..wt occasionally fail to be satisfied by a clearly 

mea2urable amounto It is impossible, however, to give aDy general argu­

ment fo:r the expected f'reijueney of these failures, since it depends 

critically on the masses of the decay products, the energy released in 

the decoy, the velocity of. the V0 -part1cle, and the coupling among the 

various particles ( that is the existence or prefer.red angles and energies 

in the deoey). 

We have observed. three cases (8-479, 5-438 and P5-B) in wbioh w 

for the only visible nuclear event is defi.nitely greater than the err-ors 

of measurement. Of the remaining 21 cases accompanied by nuelear events , 

18 have one value of w consistent with zero,and in 3 aru;es the origin of 

the associated event is not clearly defined. In all of the cases where w 

is neerly zero the path of the V0 lies between the two decay particles or 

nearly along one ot them.# Howaver, in P42-77 {Fig. 5) the path of the V0 

lies olosast to the particle or higher ionization and lower velocity. If 

the V0 originates in the indicated star, then either the charged decay 

particles ars or unequal mass or a neutral decay particle is produced. 

These data, though not conclusive,are strongly suggestive or a 

two 'body deeay, espee.ially in oases like '1-120 where the V-track is nearly 

parallel to the line of rsight: ·a·nd errors in w a:r.e i:mall. From the three 

-fjone een caloulat• the expected distribution of th~ re.t1o-s e1/e2 for certain 
two body ueo.ay achemes and show, for instance, that its mediam value 1s much 
h1:~e:r if' the tv-10 particles are or unequal mass ·than if they are oquql. 
~1s data seems to favor the case ot unequal masses, but the results are 
statistically poor and dependent upon the identi:f'iea.tion of an origin. In 
any cas, , there is now direct evidence that in ma»1 decays the two charged 
parti eles h.ave quite d1f'f'erel\t JD@Sses. 
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caneo in which criterion (i} was dc➔fini tely not satisfied we cunnct exclud$ 

a t wo body decay, sinee it is never cert·ain ·ehat the V0 -:pa:rticle has not 

suffered a nuclear scattering or that f'or all of the oases the apparent 

nuclear event is actually the origin of the V0 -per'!iicle. This is :particu­

larly true for v0 -:pa:rtieles which originate ou·tside the chamber .. 

On the other hand., certain ma.ny-pa:titicl.e decay schemes cannot be 

excluded.. First we not@ that in six cases where more than one :possible 

origin is visible we have sel<9cted one favorable to the two body decey 

scheme. Mor~o?er, the errors :tn. measurement of w {due to the limited 

acou.racy ·11ith which the origin and the plane of the V cou.ld be locat~d) 
~\o.&. 

were in many cases comparable to the size of' one ofAangles el and iz and 

he.nee probably sufficient to mask many cases where w was not zero. Here 

again the difficulty of daaUng primarily with V0 -particlas which originate 

at large distances from the chamber is apparent. If these particl9s ha~e 

a mea."l lite of the order of 10-10 seconds a.'3 concluded !n Section VIII, 

then they must have large time dilatation factors and~ high velocities 

i:t' they- e.:r.e to reach the ob.amber. ln this eruo.:e the angles &1 and 82 (!n 

the lab system) would probably be · small. In the many cases where the path 

ot the V" falls nearly a.long on~ ot the s~gmenta of the V•tra~k we cannot 

exclude the pos~:ibiUty that (11) .is no-t satisfied., especially where no 

reliable estimat!ls t>f mG.tnanta ara obtainah.l.e. 

Ol!le ean. inqtii~ ; !nto tha expected frequency of le.rse deviations 

from (i) and {11) s.nd the statistical significance of' ths number of eases 

o'bssned.. Thus :f"ar we have not treated this question. in aq$i.a,t1sfactory 

man.ner, but it appears p~~sible to demonstrate decay sch$mes for which the 

expeeted numbe:r of lal'ge deviations is low, If, f'o:r example, we consider 

the ease where one o:f the decay products ts a :proton and the oth$l'S no 

heavier than pi-mesons 1and it the e-ne~gy releas• is about 100 Mev, then. the 
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maxim.um ejection velocity o:e t he pro ton {in the CM system) i s about 0.210. 

For cases where t he proton is r el ativistic in thB l ab syst0m its angle 

with t he V0 :path mus t be less t han 12°. Since vr must be less than the 

angle between the V0 path and that of either charge d d·ecay fragment, 1 t 

should a·ve:rage cons ider,"J.bly less than 10° '! 

One can reudily caleulate for various assumed decny schemas -the 

expected dis trib1ition in size of the anele forr11.t:3 d by the pro jection of 0 

on a plane :per-pendiculer to tho path or th€\ V0 
• shrne this angle :ts t rens­

:t'o:rm~d '.lnchan.ged i'rom -~he OM sya ter.i to the lal) system. Rowe,rer~ i n the 

nu.ni.e rous cases where ~J. or e2 is about tba siz.e of the errors i!l e o:r w 

t his projected angle cannot bt~ measured , ond thP. re.meintn.g eases seem 

i :o.conolus i ve . 

The practict1l ne oessHy of observations in which the momente or 

both p<.:'.:rU cles C8.Il. l:J-9 measure;1 S.s thu:s quite apparent> r..s it would provide 

o.ne ·wHh a mor~r sensHive test of {ii) for euy assumed orig:ln. Even 111 

t he absence of an orig1.n• the consistency or the m~..ss val ues tor the V0
-

pe.rticles calculated from these miasurementet (see Section VII) would pro• 

vide a keen test for the hypothesis t hat the V-traeks result from o:ri.e (or 

perhaps two} types of t wo body deeay. 

I n three of the five c~...ses of '¢:-parti cles reported. here the 

particle originates 111 a star tn th~ l ead phite-. Mos t of the cases re­

ported by other obser,rers ( 4) ( 6) a.lso o:ri ginat s 1n sueh events . The 

doubti'ul small angl e 4la$e in Fi g . 8 originates in a very low energy event 

a:ppar~ntly prod.uced by a neut'r al :particle and containing ·only two slow 

secondari es . .Another case F1g.7 originates in a much .more energetic event 

also apparently :produced by e neutral. particle. The third ease er1g1nates 
in a star produced by a charged part1Qle. 
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VII. - THE MASSES OF THE V-PARTICLES 

V0 -Part.i cles 

If th~ V0-particle decays into only two particles , of known 

masses m1 and m:a, then the mass, m0 , o:f' the V0 can be caleulated from a 

knowledge or any three of the quftntities ¢, e,, p1 an4 p9 • If only .... .., 

39 

lower limits are available for Pi and p2, say from ionization estimates, 

one ean calculate a lower limit to m0 • I:f upper 11m.1ts te the momenta 

are known, then an upp•r limit to mo oan. be given. A conv$nient express­

ion for ID.a can be written from the cons rvation laws in the form 

wheN w2= p2 t m2• l:f' the term in paren.th&sis, call it q, is s11lfµl with 

2 
respect to (lll:J. t m2) , then we can write 

In any caae , q is a useful parameter sinoe it characterizes the energy 

:i:-el~ase in the decay. (Note that in most of the equations in. this thesis 

we have written maese.s and momenta as if they were in energy units, i.e., 

c equals one}. 

In Figu:t"e 10 we have plotted values for q as a :function of p1 in 

the case where one of the decay products is a pi-meson and one a proton 

with a momentum, :p2, et 800 'Mev/c. For such a proton the i0nizatio11 is 

about 1.6 times minimum. A more general set of curves, but very similar 

to these, can be obtained by plotting q/W2 as a function of p1• We see 

that for given values of p2 and ¢ ,q goes through~ minimum as Pi varies. 

Curves representing the '·variation of q Vlith :p2 ,for p1 fixed}are similar. 

¥ost observed cases yield only the value of ~ and lower limits on the momen-
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ta. These cases give a lower 

their limiting values . If in 

limit on q for some El, consistent with 
P2 
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addition we assume that the V0 -pa.rticle comes 

from the apparent origin ~~thout being scattered, then e
1 

and the ratio 

P1IP2 are fixed, and the lower limit on q will be above the previous one 

unless the two r atios p1/p2 are accidentally equal. For most values of 

cos¢ and for p1 and p2 well above the rest energies of the particles an 

i ncrease in either p1 or p
2 

increases the value of q. 

The resul'Gs hav·e been calculated asswning first that the decay 

products are a pi-mason and a proton and again assuming that the V0 decays 

into two pi-mesons. In each case we have obtained limits ignoring the 

values of e1 and 92 and again using their values given in Table II. In 

the case where a :proton is produced the decay :products weigh 2125 electron 

me.sses to which must be added (q - m1 m2} / {m1 + m2) to give m
0

• Most of 

the cases wit~¢ less than 68° gave lower limits on q rqnging from 140 to 

175(Mev) 2 x 10-3 , even if the values of e1 are taken into account along with 

estimatea of ionization and lower limits to the momentum. This correspond.a 

to lower 11.mi ts on~ 'between 2135 and 2205 electxon masses. {In the 

units used (q - 132) is nwn.erieqlly almost equal to the energr release in 

Mev). In 2-255a, however, ·the lower limit ci>n q is ~bout- 350 if the value 

of e1 1s not ignored. In P42•7? we get an upper limit of only 176 for q 

if we use the indicated value of e1• For the two eases with¢= 68° we 

get a lower limit on q or about 210 if e1 is ignored and about 330 if the 

momenta are taken consistellt with e1• For mos·t of the large angle cases 
o~e o4 

e 1 is unlmown, but ,. the tracks uauall.y shoi'5 ionization¢ greater than minimum 

from which fairly reliable Upper limits top and q can b~ obtained. These 

upper liiuts range from about 190 for 11-66 to 165 for P42•86. The question­

able ease P6•204 gives a value of about 265 for q if th~ ionization of its 

tracks is just barely above mini.mum. Thea~ results can be swnmarized approx­

imately as follows. The large angle eases show eVidence ·ot low momenta and 
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occasionally ot identifiable protons and give values for m
0 

between about 

2180 and 2250 electron masses. The small angle cases give e,videnoe ot 

high momenta and in some cases setm to require values of m
0 

as hip as 

2500 electron masses. 

If' the decay products are two p1-..mesons I weighing 550 electron 

masses• the same situation holds w1 th the sam.e photographs playing roughly 

identical roles. Excluding eases lik• 5-438 and P42-7V which show evidence 

for protons or unequal .mass products, we get the same two groups ot oases. 

This time the large angle cases give upper 11m1ts below about 610 electron 

masses (with P6-204 going as high as 670), while the small angle cases 

gt ve lower 11.mi ts ranging up to 770 electron masses tor the 68° cases a.ad 

810 for 13-198 1f' consider the values of e1 and the estimated limits te 

the momenta of the products. 

The discrepancy indioa·ted by these results seems to be real and 

finds some support in the measurements of other observers in this labor­

atory and those of Armenteros et al. Both find many cues giving fairly 

well defined values near 2200 electron masses for the first decay scheme, 

but there are a few values apparently well above these. This situation 

suggests the possibility that thete inieeci are at least two quite dif­

ferent decay sehemes with considerably d.\tterent energy releases. 

!t the V0 ~particle decays into three or more particles,then no 

consistency et the calculatsd mass values would be s,i;pected. In fact a 

contin~oua spread of the values would be evidence tor such a deoay process, 

though the decay- ot a particle With several masa states (perhaps an excited 

neutron) oou.ld give similar results eveu :for a two body decay. • xn any case, 

the enerta release calculated ror the two body decay sclt.emes tor.ms a lower 

limit to the energr release in a decay p:roduci:pg ne'UtPal particles and the 

$ame eha~ged partie~~a. 
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V~J?article 

The deta on the v1'-part1cle ta still tar too scanty to allow 

any sign1:f'ioant oonclusiollS as t!i\ ·, its !: mass. In several cases the 

charged decay product has a component or momentum perpendicular to the 

path o~ the V-partiole well above 100 M~v/c. indicating an energy release 

above 30 Nev if this particle is as light · as e. pi-meaen. 
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VIII. - LIFJlm:ME AND ABUNDANCE 

Estimates of .Mean .Lite 

Tb.ere are eeveral fundWll&ntal observations from which an estimate 

of the mean lite of the V0 -particles ean be made. {i) From Table II we 

note that the distances x (the distance travelled by the v 0 in the visible 

porti.on of the chamber) are oheraoteristica1ly ve:ey m11oh less than the 

distances d (the maximum distuee whieh the particular V0 could have 

travelled in the chamber and still produce a visible decay). This 1n.ter• 

pretation assumes only that the path of the V0 is approximately that 

assumed in the previous sections and implies that the mean life is con­

eidere.bly shorter than the time r•q.uired tor the V0 to traverse the 

chamber and et the order ot 3 x 10-lO seconds in the lab system. (11) Most 

of! the V0 -:rartieles originating above the chamber show evidence { the small 

~"'d 
angles of their V-traeks J\ the minimum ionization and high .momenta of the 

secondaries) of high velocities. It this 1s the case and it low velocity 

v0 
.. particles are alee frequently produced (as in the cases apparently 

originating in the plate in the chamber), then we conclude that the rest 

~if'e time is shnrt compared to the time required to tr~v•l the distances 

from A to the chamber, and only particles with large time dilatations 

reaah the chamber. (iii) Particles produced at s. distance l above a 

chamber of' Width d have a probability ot decaying 1n the chamber given by 

-i/gc-ro • 
where g 1a the 1'9.tio of .momentum to m&$s for th• V0 and 'Yo is its mean 

life at reat. It 1'o is less than 10~10/g seconds or greater than about 

5 x 10-8/g seconds, then this probability is less than 0.01 where land d 

are roughly t h e distance from t he top o f th e chamber t o A and 



the diameter of the cha~ber. If the :probability of observation is less 

than 0.01 then there must have been about 3000 V0 particles directed at 

the chamber produced i:n these showers. If this were the ease, then for 

the small lifetime one would have expected numerous observations of V0 

particles associated with stars in cloud. chambei•s and photographic 

emulsions. If the lifetime were large then one might expect to observe 

45 

V tracks at large distances from penetrating showers1 and their secondaries 

must comprise about one third of the charged partieles in such showers at 

large dis~ances from their origin. 

Momenta of the V0 -:Parti.elas 

In order to make a !!I.Ore detailed calculation of "cc> based on the 

de.ta 1 u ( 1) it is necessary to know the type o:f' decay process as well as 

the value of g f or each case. Since there is little direct in:rormation we 

have estimated g on the assumption that the V0 particles are all or th• 

same tY!)e1decay1ng with the sarne mean life into two p1--mesons. We have 

used a mass of 750 electron masses for the v0
• It now appsars that there 

ar~ possibly two d1f~erant decay schemes and certainly protons among the 

riecay products. We shall, however, present these caloulations in order · 

to demonstr~te the method and the orders of magnitude involved. 

For the oa.«Je of a decay into two equal mass secondaries 1 t is 

easily shown that when the veloeity of the V0 exceeds the ejection 

velocity of th~ pi-mesons there is a maximum angle¢ in the lab system 

for any momentum Po of the V0 
o AL.qo for any angle lesA than this maximum 

{ a.bout 8~ 0 for mo = '150 electron masses) there is a maximum value of' g 

given by 
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We see that for most values of¢, ~ax is about proportional to mo and 

varies less than a factor of two for the range of IDo values from 600 to 

900 eleetron masses . 

In Fig-~re 12 we have shown the probablili t y of an angle greater 

than fJ a.s a function of fJ for various va l ues of the r' momentum. These 

curves ~ere ob tained by ca1eula.ting the value of¢ correspondit¥; to a.n 

angle a in the CM system between the direct i.ons of the Vo and the pi­

meson, v,e1.ghting; these ancles ~ according to the sin a, and graphically 

integrating to obtai n the probabilities plotted. I t is el ear that for 

about 90 per cent of the eases the a ngle ¢ lies \d thin a few degrees of 

the maximum value of ~ for the given p0 • and that for mos t cases g must 

be very near to 'max for the given angle~- We have used the values of 'max 

in calculating the lifetime unless there was some more direct information 

from ionization or curvature, but in no case was a ~alue greater than seven 

taken. 

If these eal eulations were repeated tor the ease in which a 

proton is one of the deCS¥ products, then the asymmetry of the decay would 

produce additional complications. espeeially in the region wher e t he 

velocity of the v0 is greater than the ejection velocity (in the CM system) 

of the proton but less tha.n that of the meson. Since, however , t he energy 

release is probably a llillch smaller fraction of the total mass of the Vo. 

we can see that in general so rnewhat smal I.er valll3s of g would be obtained 

and hence a somewhat longer mean life. However, sinee g must be almost one 

for the eases where both decay iroduets are relativistic, and since the 

value s of g used were no larger than seven, the lifetime should not be off 

more than a factor of ab out two on this acoofult. 
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A Lifetime Calculation 

Using the values of g calculated as above we have cenverted t he 

distances d and x to tim sin the rest system which we shall xefer t o as 

T0 and t 0 respectively. 'l'hese times are the "maximum observable lite" 

and nobserved life" in each case. The steps in the calculation of the 

mean life are given in .F'igure ll. 

curves I and II give the rate at which partiol.es are observed 

to d cay as a function ot the time attor which they enter the chamber. I 

iR calculated using simp4• a mean value of k = l/g to convert from x t o 

t 0 • It represents essentially the raw data . The vertical scale for all 

three au.rveR I, II, and Vis logarithnlio .,but the absolu't~ values are 

arbitrary. Actually the .curves should be nearly superimposed. The statis­

tical error in the pointu is about the same for all three and is shown tor 

V. curve II shows the deoay rate again but here each distance x has been 

converted to a time using the valu of g calculated for that case as above. 

The valQe of r0 taken trom th• slope ot curve II must be oorreeted for the 

fact; that due to the geometry of the apparatus many particles pass out ot 

the chamber before decaying and all values ot t 0 are not equally probable. 

In order to correct for this etteet we have plotted in curve I II 

the number ot cases with T0 greater than a given time against the time. 

Within the statistical uncertainties this 1s a first approximation to the 

nwnber of particles whieh ean produce a visible decay With a value ot t
0 

greater tb. n the given Ume. This, however, must also be corrected since 

particles with large values of d are more :readily observed due to the 

higher probabili.ty of decaying 1n the chamber,. curve IV is th• corrected 

version ot e~rv• III, where the correction was made according to the tor• 

mul~on,. t~• figure.al is the slope ot curve III an~ was calculated graph-
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ically. The ef'feet ori tho finally calculated value of ~ produced by ·l;he 

appro:x:1.mate value used to make this correct:.on is very small• and indeed 

the process cnn b© repeated through a set of converging steps if' the 

effort is warranted. The corrected cur'7<'l T.V, G-0 ( +,0 ). is -!;hen the number 

of particles which traverse the chamber in such a d.1 r<➔ ction that they can 

stay in the chamber for a tim~ gr~ater than t 0 • 

Wq: can now write the observed decay r~t e as a funct ion of time. 

N(t0 ) = G0(tg) 
,.._ 

Now the log N(t0 ) / ~(t0 ) sho~ld be a straight line i f plotted against t 0• 

We hav() shown its values in curve V. The value of the slope gives ~ . 

Here 'Yo ~ 1.3 x 10-lO sec with a :probable error due to statistical uncer­

t ainty of about .i 50%. 

In order to calculate the abundance of the V0 -particles it is 

necess ary to know the relative numbers p1•oduced at various distanc,es abovs 

the chamber and with various momenta. If the statistics were improved, we 

could estimate the number of' part:l.cles of' each momentum which decay i~ the 

chamber. From this and a knowledge of the total number of V-9articles pro­

duced at each d.istanc3 above the chamber the momentum spectrum at production 

could be calculated. We can for the data available calculato at least a 

m~e.n observation probability fer intermediate momenta with a mean value of 

1/g about that for the oases observed. .A<Jsu.ming that the V0 origins o.re 

distributed sl.Inost uniformly in th'! lead above the chrunber gives a meD.l:l 

observation :probahili ty of about 0.1 :for these monHmta. There were thus 



an est~.m.atcd !350 such V0 - parti cles produc0d in the showers above the 

chamber and di r icted towards the ch;'.1.mber. In the same photoera:phs there 

Wt-are about 151 000 charged penetrating shower particlf~s which entered the 

chamber. Thus nboui; one V.9-particL i .s produced lJi<:lr 40 penetrating 

shower particl es or abou.t one per eight showel's o 

The vt°-Particles 

Hera again the data available is quite sc~nty, especiall y for 

statis tical arguments . It appears that ei ther these particles ar e pro~ 

duced much less frequently than V0 -:particles, or have a mean Hfe Rhorter 

by a factor of at l east 1/3. or perhnps show a combination of both 

effects. 'rhe l arge nui:1bers observed from the plats relntive tc those 

observed fr,:nn above would t end to suggest th© shorter mean · 11£0. 
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IX. SUMMARY 

We conelude: 

l. The V•traeks observed here require the assumption of a new det;ay­

process. They are not ~onsistent with arq pheJ/lOmenon whose frequency­

is dependent upon the density of nucleons. No more than 10% ean be 

explained in terms of any known process. 

2. v0 and~ particles exist and deea.v to give the observed v-traeks. 
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3. !he V•pe.rticles are produced in M:Lelea.r disintegra.t ions in the lead, 

usually tn the very energetic reaction producing the penetrating showe:as 

but frequently 1n the lower energy stars produced by the shower secondar­

iea. 

4. In the energetic reaetions there is about one Vo particle per 40 

eharied shower pal"tieles. More than one Vo ean be produced per e~ent. 

5. The decay pro.duets do not tndude el&etrons or arzy particles mueh 

lighter than ordinary mesons. 

6. The v0 -particle decays into two charged seeondaries of unit electrm.1e 

oharge and opposite sign and perhaps one or more neutral seeonda.ries. 

7. The measurements of the masses of the dee~ particles are eonsistent 

with the deeay schemes: 

yo ~ proten + necative me,on 

positiYe meson + unidentified negative par1lcle 

8. At least one of the deeay particles of the v°-partiele has a nuclea­

interaetion cross section in lead of about the geometrical size of the 

nucleus. 
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9. The v0 mass calculations are not consistent with a single two-body 

decay process . They are at present consistent with t wo two-body decay 

:proeesses including one 1n whieh the energy release is about 40 Mev and 

on.e in which the. energy rele~se is 100 Ueq at least . They are also con­

sistent with a three-body deeay. 

10. The Vo particles deeay with a mean life Gt a.bout 1 x 1.0-10 see. 

This is probably correct 1'i thin a faetor of two for any of the sug­

gested decay schemes. 

11. The v+-particle produces one visible decay pa.rtiele, of the same 

sign and of unit charge. 'l'his particle is not an electron.'. The energy 
' 

\· . 
release is at least sufficient to give the charged particle• mom~ntuin 

\\ \_ 

of 1.00 Mev/c in the CM system. the. lifetime of the v+ particle mu.st be 

shorter than that of the Vo-particle by about a factor of 1/3 or i ta 

production frequency less by at least the same factor. 
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App ndix A: - An Optimum Target Thickness 

We wish to calculate the thickness of lead for whiOh M verti­

cally 1:cident primaries will produce the maximum number or v0 -particles 

emerging below the lead. Assume that the V0 -particles and all other 

shoRr secondaries travel vert1Qally downward. 

Th• primaries int.era.ct w1 th a mean path of = 15cm. of lead to 

produce showers ot say .m = 10 particles ( oharged and uncharged) as well 

as n = l/8 v0 -particle. Th••• numbers represent roughly the average 

number of particles which enter -"11• caamber in these showei•s. The V0
-

part1clea decay with a mean path i * 3g. '!'he shower particles again 

interact w1 th a mean path and produce about t a l/100 V0 -part1 oles and 

no other particles energetic enough to continue reacting. This value of 

tis estlmated trom th• numb•~ ot stars obsened in th• plaie and the 

aumbe:r ot V°-partieles which originate in the plate corrected tor those 

which are not obssrved. This value ot t is quite uncert,p.n. 

Now let x and y be distances measund upward trom the bottom 
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of the lead and. used to loc•t• prilllEQl'f and seoondtU7 reaett.oru, respectively. 

Now we ean write tor N, the number ot •-~~g V0 -partieles from a layer ot 

thi cklless t, 

This can be integrated and simplified to give 



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

as g varies from l to 4. The second term baa its maximum at d . 
For f = 1/100 tha second term dom1$1tes and fort~ 1/200 the first 

term dominates. Thus we see ·that th& optimum value lies somevrh re 

between about 10 and 15cm o:f' lead. If' we include the possi bil1 ty ot 

oblique tr11versals th.e optimum thiolmess must be som1twhat reduced. 

The values obtainsd ·:tor N/M are of the order ot .05 at the maximum 

for smnll go 
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Fig. 1. V0 decay. P44-66. 
v° possibly originates in the 
nuclear disintegration visible 
in the plate. The large angle 
(68°) indicates a large decay 
energy. 

_Fig. J. v0 decay. P42-77. 
Origin of v° in the star requires 
decay products of unequal mass or 
a three-body decay. 
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Fig. 2. Vo decay. 5-121. 
rfJ appears to be part of the 
shower. Both particles traverse 
the plate without producing 
visible secondaries. 

Fig. 4. V0 decay. P43-86. 
High ionization of both products 
indicates a small decay energy. 
May be a case of pi-me decay. 



Fig. 5. V° decay. 5-438. 
Particle 1 is probably heavier 
than a meson. 

Fig. 7. V decay. 5-128. 
Particle originates in star. 
Deflection angle is 40°. 
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Fig. 6. Vo decay. 11-66. 
Particle 1 is negative with a 
momentum of 74 Mev/c and an ioni­
zation of 2-4 x min., indicating 
a mass between 150 and 350 m8 • 

------ -

\ 
Fig. 8. V decay. 1-331. 

Particle originates in star. 
Small deflection angle (70) 
may be due to scattering in 
the gas. 




