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EEAVY UNSTANE FPARTICIES

.0, Rochesiar
Tha Physics Department, Tanlwarslity of Mancheater

1.  Historizal Introdustisa.

At the end of the war, Or, Butler mnd the
puthor repsssmbled Lhes Flackeit magnet and cload
chambar , with the obfest of investigating penstrat-
ing showars nnd lecking Tor the negatiwe protan by
a [rocssE magmaeted by MeConnsll and Hsitlew. T
was expected that umimial Shings might eocur in
penatrating showors bécnuss thopd ara high-enargy
intoractions in which mesons ard formad.  Towards
the end of 1848 tho showor shown in Flgore 1 was
obtained , in whizh thare is a piriking fork in tha
ga8 in the lowar part of the chamber. Early 1o
1947 encther unueial fork weas-found 1n a typlosal
penetrating shower. Tn tha first oase the amzle
of the férk was 77 amd the momantum of the ohavged
partisles about 300 MeV/o; mnd in the sesond omse,
the angle was 170° and the momentum of the particles
phbout 700 MaV/ a.  After careful consideratiom, it
wpa consluded thet thebe events are most probably
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dus to the decey in rlight of unstabls particles,
the firat photograph indiesting the decay of o
peutral partiols sod the sscond the decay of a
charged partiple. |The main argument which lad 1o
this conplusicn was the absonce of similsr avents

in the 2 co. lsad plate,  ILf wae not 4LfTioul® to
ghow that for any scllision procass the frequency
 should te some 500 timee greater in the laad plate.
‘Binsa only one or two similaer events wers found in
li;i.zl.un. plate in several mndred photogeaphs of
pana*&utmg showars, 1t was somoluded that tha

rorke mast Teprasant a progess which dapands wpan
the path length of the particle and not . on tho
amcumt of matter whish it freversss. Thia suggesta
that 1t mist be a4 decay Jrocess.  Deteiled examin-
ation of spocific processss supported this conolus-
iom,  For exemple, it wae very unlikely that althor
af #he forks could be an alsstren palr ecaouss of
the largs mossnta and lacge angle batwaen the iraocke.
Again, they could not represent the scattering of &
aingls charged partisla bopause of the abasnce of a
repoll nuolous at the point of scattoring. Finally,
the angles scmplotely exeludod s —3 & decay and
the [thap UnkNOwWn) & =-s g dooay,  Appllisaticn of
th; “Binatein masa-invariant relation led to minimum

——m s ——
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mpes valuas of the order of 1,000 mg, whara mg
iz the mass of the elsstron. It was thos olear
that the partisles wers emtiraly new.

During the next tws years the same sgulpmant

was ron gt sam lawel in Manshester, and no further
axamplos of thess particles wore found. Then, in
1945 and marly 1560, oswa cpams that Frofesscr C.D.
Anderecn in Fomadens hed obteined many examples of
tha neutral unstable pertisls and a few sxamples af
the charged unstnble particle. One of these neut-
ral unatabls partialas 18 shown in Flgars 2.
From en examinatien of his photegraphs, Frofessor
Anderson mas led to copfirm compleataly the reason=
ing whish led to the original disscvery. In con-
aultation with Profosssr Hlaskatt 1t was agreocd to
p&all thopn particlea V-partloles.

Lata in the e 1947 the Manchester apparatus
waa moved to the Observatory on the Flo-du-Midi in
the Frenoh Pyrenses, at a height of 2,887 H. !arly
in 1850 the elcud shamber was got working by Dr.
Buitler and his group and vary 2000 DANY DOFSe SXamples
of V=particles ware obteined. Up te the presant
aome 100 examples heve been found by the Flo-du-Midi
group, and many othera by workers in differsnt parta
of the world: Frotter in Berkeley has more than 100

ply equal to the proton, and 4 pogetlive wilth masscs
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examplea, mnd Lelghton (Pasadena), Thompsom
{Indiana), Asthury &t al., (Manchastor), MoCusker
(Bublin) ped Bridgs (Cambridae, U.5.4.), have
many other examples. The charactaristls faatures
of the pbenomens are the sams. The Fretier photo-
graphs, taken in a multiplats aloud shamber, give
wery alear avidance that V-partisales ariss in meo-
lear interastions, An exsmples of one of thess is
shown in Flgu=e 3, the V-parfilcls teing to the laft-
hand aids of the oloud chamber. Tho charged primery,
which is presumably a nooleosn, esh be Soon acElng Ints
the chambor and interasting in the fourth lead plats.
Alsoat all of the photographs indieate that V=partio-
lea ere produced in very high-energy inferactions,
gartainly abore :I.ﬂm a¥,

The ganernl Tesulis of a1l groups ars to indie-
ate that approximately oom ‘I'F'-:pa.rtiﬂlu is prodused
in &5 interactions, and that the aharged V-particlesa
are cnly about 1074 ms frequent as the neutral V-

partiales,

II,  Analysies of Vo-Tracks.

The rirst problem which arisas in the analyais
of V-tracks 18 the separption of meutral V-particlea
from charged V-particles. Tn generTal, a fairly
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mey 18 %o ges whether the pleme aontaining the traska
of the oherged sscondary partisles scntains the point
of origin of She I1nterastiicom. It seema that In gen-
erpl the sssondery traske are go-plansr with the point
of origin of the Vo-partiole., This would indioats
that mautral sscondariss, LT they exist at all, met
e fairly light particles.

..'E|:| conpolusion; tharaforse, aipnces the tirese Types
of ssaondery particles have bveon obsarved, the simplast
deoay schamos aro the following:

Wo—s ptem

T i eme

111. Olpssififeation and Masscs of ¥ -Fartislas.

In crdor to got tho most scpurate veluo forr the
magsas of the ¥ -particles, 1t 18 Important to use
ad mah of the data ag possible, This mepns thaet
one has to try to separate the different types of
T-particles by a stody of the dynamics of the sug-
geated dacay schomno. A poasibla way of dolng this
has been sugzested by Armentercs et al., lat p*
repreasnt the momentum of a socondary decay partlols
in the Test systom, and &% Toprassnt the angle
whish this track makes with the directicn of the
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this desay have momenta above 1 FoV/ie, and camnot,
tharafora, be derinitely identified.

The asaal mathed of ildentification of the pro-
duots is nn ezamination of the lonizatlion ahd EomenIuUm
of the traske. A study of the theorstical Lfoalzatlon
and sfssBEtuR surves shows that, in the sloud shamber,
it is possible to separate The known elamentary partic-
168 below @ momentum of ahout 700 MeVie. The detar-
nination of the mememtum of the secondary partiole
cph uguelly be made with a falr degros of oadraay,
but the eatimation of lonization lnvelvas sSomo UnoaT=
tainty, simco only visoal cstlmaticns bawe ten poso-
gible ao far. The vimal sstimstion of iondization
ia mmds 4lfficwlt in the oalouwd shamber by the sonald-
erakle differance in light intenaity aproas the oheam-
ter and by the unavoidable warinticna im condensation
throughout the volume of the chamber. This means
that to make & fairly reliable eatinate it is sssent-
inl &0 have nany tracks pressnt in the chamber, It
ig anlikely that estimmticns of ilomization ate better
than 5O, , and they may be in error by 100 % .

The resalta of the analysis of the ssocndaries
of V-particles is %o show that pooitive partiales
exist which are of approximately proton-like masa -
a8, for exzample , the oase shown in Figure & - nod
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chperved decays, and when this is done the plet

shown 1an Figure ¥ 1g cbbained. It is sesn from
this flguwre that the cbesrved decays can be sep-
aratad intoc the two mein typea.

It is now pomsible to celeulnte the masson
of the V =-particles aesuming the masses of the
rroton apd the A-meson. Tha formils which is
usad for this purpose follows from the applioation
af the Einstaln sses-otergy rolation, and is tho
follaowing:

W wae fen s gpep| [1 *-(‘:;}:} i {1;%} zJ i -
- com ¢;]

The results of the mass valuca of 12 V] pertiales
REo a8 givon in Teblo 1, and the results fer O 11“2:‘
particlos aro given in Table II.

It ia intaresting to salsvlato the § veluss of
tho deca¥, and thooe aro alsc shown in tho tebloa,
Tho g walue 1s definod pa

QeM=-(n, +mn)
The moan value of tho mass of the ‘lﬁ particlo ig
(2205 ¢ 18] m;,, with & @ valuo of (48 + &) MoV, Tho
mass of tho V5 1= (796  27) my, if the decay is inte
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approxinately aguel %o 7 = or p =mesonsa,  Leighton
ot al, hawe found 15 beavily lonizing trapks which
they identify a8 arising from 7 protons (or particles
of alightly sheller mass), 9 negative mescne and 2
positive mesons. Thompson &t al. hawve Tound one
eszaEpls of & poaitive proton sssondsry. It is thus
plespr thst the sesondary particles inolude thres
diffarant types of alamantary pertlale.

Befora decay nchenss ocmn be written down, one
pagt sonsider whather there is any evidencs for other
partizles, e might enguire, for exmmpls, 1f there
is may indloaticn of interaction of the sacondary
particlas with sclid materiesl in the chambar; aor If
thore is any indication of neutral secondarios. The
examination of ths penstration of sams 20 am. of laad
indiaates thet thers is ne evidencs that any of the
peondary particles suffer rallative loss 1lke eled-
trona. It ia therelfora wery unlikaly that any of
the sspoplery particles are electrons.  Again, thers
is avidence for ruelear interastion of sscoBdery par-
tieles with an interscstion mean freas path ol the
order of 10 am. This is consistent with smmo of tho
perticlos bolng protons or 7T -I@S0DO.

It is diffloult to oetablish sloarly whether
noutral eosondarios exist or not. Perleps the best



be explained by the aliernative types of ldecay

of one T -particle of masa about 2400 m,. The
siggestion is pttractive, aince 1% involves a
simplification, but so far the avidesnce sesms ko

bea against Lt, In the first place, thare 18 no
avidence ror the existenss of T -mescns in these
decays. Sevoral axamples of ¥ -particles decaying
agvove leaad plaies ln oloud ochambere have basn ohasr-
ved, and if thess had rroduced x°-partizles, elect-
ronis ahowerd ahould have bean ssan in the lend
Flatam, Agaln, there 18 1ittls avidence Cor the
existenas of ths neutrona from the secopd decay
schems , althoungh [t sbould bo atpted that aince

the intaracstion langth of the mouwtrom 18 8o lobng,
it would be comparatively difficult to ohsorvo,
Finally, ond would oxpeot the nomantun speotrm of
the oheorvod chargoed partleles undor deoay &choms
(&) to contein many more low momenta than decaw
pohaxe (1), sines the neutren would carry awsy
moh mere of the momemtum. Thie is just the re-
varse of what s found. There are pany mers low
momentum particlas in V, decay products than in
tha T: dasay produste,
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V.particle,

Mgain, let p~ and T reprasent the momenta
of the negative and positive secondery particles in
tha laboratory frasm of reafarance, abd assums (Al
the traske of thase particles make angles wWith the
initial direstion of éf'- and ¢i+-. tnen omo
may dofine a guantity o whish 18 squal to

+ - -
I|+ “:Dld} = F ©GoQ8 d;b

+ - -
D+ I:I:Il¢ + P oG8 |¢]

fne oan show that o is oquel %o

pef-p® _ oaiBoa?  ap* cos ﬁ"{ 1 J;BI{
+ =4 =
# u® ol

whare P and M reprosent the momentum and mase of
tho V'-partiele and m~ and ®T sare the massos of
tha socondery produsta. IS 18 found thet tho valae
of o is egual o [0.85 4 O 02) for 16 cases of ¥y
partislos in whish the sscondary produsts can ba '
shown to bolong to the rfirst dogsay schomo,  Ageln,
it 1s found that tho value of o 18 eguaal to

{0.05 + 0.08) for 10 cases of ‘i'g dosays. This is
jast what is czpeotod from the formala. Ora oapn

thorefore axpmice tho valoes of o Jfor all of tho
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cass showad n nagative perticls whish had & mass
of mbout 1000 m,.

An unuegal oaps was also obtained by Armentaros
ot al, at the Ple-du-Midl, apod it is ahown in Figurs
18. A beavily-ionizing negative partisls comes oat
af an intaraction in tha lapd plate ond After travera-
ing p few santimetras of gee dscays into & lighter
particles which 18 at minimim fomimation., ‘The ionis-
aticn density of the short track is difficult to
mogsure, tut 1t is probably more than four timos
ninim; The magle batwesn tha two tracka iso 100°
apd the momentum of the sooondary oharged partiols
ie {180 + 10) ¥V o.

In this same work another very umimial decay was
ohtpinsd. Thia showed a oharged particls which had
pematrated the lesad plats in the phamber and which da=
gaynd into a charged partiole of about 100 MeW/o and
presunabtly one or mITe nauiral particless. OQos of
the neutral perticles decayed like a V -particle,
lowor down in &he chambar, This photograph might
give a hint as %o the mechanisn of dssay of the
aherged V-particle,

Very recently, Dr, 0'Oeallaigh® has found five

* O'geallaigh, 0. 1851, Phil.Mag. 4§, 1032,
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T -moscns, § velie (132 + 13) MeV. If the deony
is fnto p -mesons, the mass is (706 & 32] my.

Iv. The Iaighton Deoay Schoms.

Leighton et al.* have miggested thet the desay
of the Y -partioles is three=body, and takes place
aopording to the Tfollowing schemési

- B
1?';,_..::”4.![ g vewes 1]
Lt
-
4] [a] - !
T =0 + X+ ceees AED

Leighton'a suggnation 1le that vi and vg" partinles
rapressnt similar forms of decay into protons or
peutTonA ARd T =masans, Tha § ¥alus of the Tirat
docay schams cpleulated from a two-body docay oshomo
tevolving charged sesondaries only, would be abowt
half of the § walue of the seapnd ssheme , if alao
raloulntad ms m twe-body decay., This is mctuslly
whet L& found, the observed ratlo being mbout 2.4
Laighton alsc supgeste thot the ( velus of the gec-
opd ferm of decay would ba pbout the sorrect Talue
for m throo=tody dessy. Both forms of decay would

* faighton, R.B., Wanlass, B.0., & Alford ,W.L.
Fhys Bev, B3, 643, 1951 ' '
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It thus looka ma though thers mey ba dirfferont

typoa of chargod V-pertisles, as wall as differant
typea of neutral V-partieless. The Sccay schams for
all the charged T-particlas might e of tha form:

vEE K st e oep”

Tt 18 smah too scon even to indicats what the
finnl ansesr Lo those perplexiog problems will ba.
A naw £isld of poamio-ray physics has been opaned up ,
and 1t i® gertain that resylts of great Ilntarsast and
importanse will ba found during the next foaw yoars.
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Flg. B A V'-dcoay in which ono of the sscond-
arios cmn bo ldentirfied s a proton. Tho
nogativo prrificle 18 at minizues fonization
ard has a momentum of about 100/Me¥/e; it
is thersfore probably & meson.

(aftor Armentercos at al).

Fig. 7. The fregoency distribvution of the momeante
of the ssocndary particlea.
(irter Armenteros st nl].

Fig, 8.  Tha deaay in rlight of the negative sec-
andary of a F';'_ partiele. This decay,
which is aserited to a T _3p decay,
gan bo mean in the middls of thes chamber
balow the lead plate. The apex of the
Vo-rork 1s above the lead plate.

[Aftar Armentarces &t all.

Fig. 9. The o -plok.

[Aftor Arsentercs et al).

Fig. 10. The decay of a 8low oharged V-particle.
e cherged V-particle has prodused tho
ghort donse topok from tho and of which
n frat charged particlc omerges apd Boves
herizontelly scross tho chambor, Dotalls
of those particles nre given in the toxt.
fAftor Lrmnnboros ob all.
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¥. Other Data about the V-Particlas,

Carerul axgrinption of the pointa of decay of
V=particlios io raletion to their points of orlgln,
allgwing for time dilation, has been mado by Andarsom
and others, and 1t ssams that the lifotlzs of both
forms of V-particls are sbout 5 x 10 'msa,  Thim
is g difficult mespurezent to male , atd RO HOTH [EO9-
gise walus of the lifetimes ann be given at present.
The freguancy of the cocurrenso of toth forma of V-
partiole soome ' be aboat the apma.

¥I. Ohprged T-Farticlas.

It appears that ebont 10%, of all V-partlcles
aperging from panetratibg alowers are osharged V-
partiales, Here penin, srsct inforoation about
thass particlas i dirfrficult $o obtaln unlecs the
particle 1s keavily icnizing. Unrfortunately, In
the oloud chamber moat of the partislas aré TarTy
faat and thevefors 1t is not possible to idontify
tham, It iR mlear, even Trom the spely work, that
the sesondary charged produgts of chargsd V-particles
are not elesirons.

Eerker, Butler and Dosssr found coveral oxemples
of alow chargsd perticles, of masses intermedliato ba-
twaan the X -meson and tho peotsn:  one vory striking
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expmples of the docay of charged particles in the
photographis emulaion. Tha first one, which ba
oalla R.‘r.' has p EeapiTed mass of 1320 m, amd

1ooks very gimiler %o the dscaying particls of
Figurs 10, Tha momantum of the deoay product 1a
280 Ma¥/a, A second pertiecls Toumd by O 0emllaigh,
which be aalls ¥, 8éams %o be the decay of &
particle of intermediate mass imko a j.-meson, whioh
later decays intc ep eloctrcon, Thie work sageeate
that cherged V-particles and K -mopons may be axan-
ples of the pame type of particle. It fa @irficult
to msaign fAooay schomoa with sertalnty, tat the oloud
ohaskor work and one of De. 0'Ceallaigh’s mosons might
indizate doomy of the form

wsniomel kit o+ Ta
This decay echems would give o mass o the V=part=-
{als of approximately 1250 me. THia simple sobeme
pannot, however, erplain all the cases oFf sharged V's,
nar the particls K, found by 0'0eallaipgh.  These
particlas Taglire o thrao-hody decay achoms, for ex-
ample of tha type

'::--"‘;P‘:"'F{} *Fﬂ

whare 42 reprossnts the seutrino.
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Desariphion of Figures

The Tirst photograph of the desay of a
ngutral V-particle.

Enothar axamples of tha desay of a meutral
V-partiale

(iftor Beriff, laighton, Hsaio, Ocwan &
Andleraon) .

A siriking photogeaph of e high-ansargy
aaaleaar interpoticn in s lead plaote,
initinted by a fast charged partisis,
leading to the formation of a noutral
V-pprtiola. Tha deeny of the V-par-
tiale oan ba ssen to the laff-hnnd aide
of the ploture, beleow the fourth lead
plata,

|Artar Frettar).

The frequoney distritwtien of the noglea
batween the twe branchos of V-tracks.
{After Armenterca, Barkar, Fotler & Oachon),
The dscey in flight of a high-snergy Vi
partiels. The amgla of the fork im 129
and the momonts are p o= 1.5 DeT/a and
P = 1.8 Bvfe. For this ovont o& = -0.08,

lomding 1o m neas of (841 F &0} m,.
[Aftar Armentercs et al).
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THE EXISTENCE AMND TROFERTIES
OF HEAVY CHERGED MEBONS

0. b'deallalgh
H.E. Wills Fhysioal Labaratory, Eristol
and Tniversity College, Coxlk.

For scme yeare on the bases of certaln isclated
chesrvationa, the existonce has besn sormnised of BRATY
unstabls particles of oess greater than that of tha

g -menon, but cnly Within the past sightesn montha
has the sorrectnese of thaee speculaticns besn de-
penstratod by umeguivoosl experimcntel proof .

The rirst saggoation that heavy charged particlos
of mass ~ 1000 m, are to bo found in coamic Fadla=
ticn was put forward as long ago na 1944 by Lopr ingo-
Ringuct and IEiritiert!. Thla was based on the amal-
yals of a eollislon botweon such a perticls and an
nloatren in m clewd-chambor photograph takon at tho
Largontidre high-altitude laboratary., I 1047,
Bochoster snd Batler® publishod s romarkabls amalysis
af two ovents found in eloud-ohambes photographs 1n
assoolaticn with panctrating shio®ETS. Thoy intorprat-
od those ps cxamplos of the dssay in Flight of boavy
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firn tha cxistonee and cetablish the mode of dooay
of tha € -meson. Further exazmples of tho decay of
heavy charged mescns have boen found by the Frapdeom
aod Manchester gronps, and alsc by other mkﬂruq].
tut no direat measorement of mass oould be made.
Hacently homaver, at ]i-iumlm?um::luﬂ bave besn
found in photegraphic plates of the decay to one
abwrged particls of a heavy oharged mason. In

theas cases ocondltions were sush that it was possible
to mekes direst messurementsa of the masacs of the do-
aaying particles. In sdditicn, in ooe cpas, i1 was
alao poAsitle to identify tho charged seocndery per-
ticla ant to0 moasure lts coorgy acourately.

Simoe it will not be possible to cover the whole
fiald of hesvy mesons, chafged and unekarged , the lec-
ture will be confinad €0 a Feview of tho prosent stete
of the experimental evidones for tho exletenco and
propertiea of hopvy chergod mesons,  Spocipl cophnaia
w111l be lpid an the rosults Tound by moansa of the photo-
gfaphls plate, the technigue whioch scems to bo best
mdapted to the problom, mhd that whioh ia Llikely to
prove moat froitful.

A beipf digrossicn will be mado to describe the
arpefinantal rosedurcs invalwad in making the necassaTy
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are Tasoclwved, 1t is customary to moasurs tho graln-
donsity, dofinod as tho numbar of dovoelopid grains por
unit length of track. Ib la necessary to fix onma
comvention t5 deal with corasional sases of unresolved
graine, and to ninisiss the inslusion of boohkeround
gralng, For o acnglderatlis vanga of low to modarate
ionlzation in the photographio emalalon, there exists
a linear relationship batwenn noizatlon and g 12],
The relation between energy-loss per unii path,
chargs and velosity 8 e of an lonising partlale of
shargs & 1ia given by the well-known Bathe-Elceh

rormila

£, sonstant x N &b 1'3“2 [ﬂ—.ﬂa-lnaz.l!z]
dx
[1]
Here N = the oumber of atome peF unit volume of tho
mediun, © 18 p constant which depends on marximm
poesible ansrgy trapafer pr impact, and alec on the
affective lonization potential of the sfrusk atom,
ard B im writton for the qentity (1 -.I'J-E}'i .
Thim améaainu raquires modification for ocndonsed
madim, tut the theory of the comfneotlon betwesn grain
denaity and lonization-snergy-loss has not yet boon

fully werked cut for the photcgraphie emulsion. For






Thon, we have Mgy, & Hp/Rq.
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Somotimes those surves are given in the intcgrated
form of totel grain-gount vs, B or totel gap-longth
a. R and nﬁwm: tho appoarenss shown in Figs, 3

F
% and 4. for linoar plots.
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For this mothed of sotting olt the results, any

stralght limo through tho erigis whish futs ong cured ,

will, on producticn, cut tho othor ourve (@) in corres-
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mescns, cne charged and ona noutral. The meas-
ured mtmonta mesuming roagcnable doepy sehomos, in-
disated minizmm mpeecs for cach bype of uwnstable
particle of tho order 1000 my. Later , in 1548,
Iaprince-Ringust and his ualla'nuraturaz']pablishad
a photomierogeaph of a deabls star the amsllsr of
which appearsd %o have been caused by & T mezon
ainoted from the larger. The larger star appearad
to have besn cmused by A charged partisls the mass
af whish, scmputed from the satimated encrgy-ralonss
in the star, was at loast 700 m;. In 1949 & Wy
romarkable svant was found pb Hiatﬂl“m the rirst
pzposara of tho Hedak NH.T.4, alogtron-oenaltive om-
wleten. This was interproted as the deesy, &t Tast,
of an uwnstabla akerged partiele, the T -moson, af
mass ~ 1000 m,. Throc charged particlos werd pre-
dupsd 1n the primery deemy.  Of those, onc was
{oentifiod pa o ¥ meson bocause 1t samo to rost in
tho emalsion giving rise to & charastoristle & -ater.
Witkin tho past olghtecn menths, Dopsitapents
toth by Amdorson and his oollaborators ab Pludiﬂﬁ-ﬁl.
and by the Manchester group’’inve conrizmed the ar-
iginal interprotation of Rochaster mnd Matlor, and

recent azamplos found at B:!.Etﬁ].”a.'uﬂ Lendon”™ ' aon-
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oach position of the stage, the position of the
%rTack is read off on Ao eyepiaceacale. In this
way, w0 Find a set of rumbers which pre the y-
poerdinates of the trask aorrespording to valusd
of ¥ paparated by intervels of 8 mnicrons,

Ine interval & 18 known as the goll-size., Iot
those coordinates B& g F1 ...... ¥y (Fig. 8],

+

} .

"“\fa

§—-J-S--—-r

?:5 I
The set of socond difforencos of tha ¥, ia

salonlated foom the oyeploss roadings. We have

|
by = Yiwg ~ E!.I'J+1"' ?J. Then, roforring to the

diesgram, 1% will bo meen that

TD
4 = F - WF -
— J+1 . ’j (3]

T 4is the reduction factor whioh somverts to radians,
the amgles y/s. Olearly !i'1f im the angle betwasn
adjmeant chords drawn to the track st pointa defined
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patimates of mass and epRergy. As some of them ara

rocent and not readily accessible it is hoped that

the refersfnsss b0 the literature will be of uyse %0

thoee %ho doaire furthor toochnloal dotaila.

Mepsurcment of Masa and Erorgy of Ionizing Farticlos.

Ths thres principal technigues used to astizate

the mams and energy of lonizing particles ln photo-

grephic emulaiona, involve simultanscus measurement

(1] Issnization and residunl range.
(2} Moltiple soattering eod residuel Fange.
[3) Icnization and multipls saattering.
The sstimate of ionizeiien is made by stein counts
ar gap=osunte, Whish is the rere convenlent do-
pendE on ¢ircumstances.  Particulsrly in the omse
of the eleptrop-ssnaltive smalsions, 1t Le nod
poasible to count the individual grains rendsbad
developable by olsw perticles as owing to the high
ionization ths individusl graine run fogather.
In sachk casas, it 18 btest %o measure the fraction
of ths length of the treck whieh ls free from deo-
valopad grains. This i knowno as the gap dansity
(3] mod has besn studied by Hnlguunu] . Fop
fagtor tracks whores mogt of the Irdivideal grains
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variable § about ite mesn wnlus 0.  Other
measires of 41SpeTEion, of coures, exlet, for ezaople

the moan daviation pu derined as

oy
1 J‘ s,
Bowome J e[ -dBYH] ek m)
Mer & normal ﬁiltrimtiil; Bo= 0.7379 &~ .
Hﬂitmrhﬂ:ﬂn-ﬂihatr..l:i (8]
Fie

K 18 knowh aa the scattering copnstant, and its walus
may be caloulated from thesty deing the chemical com-
position of the emulsion, Its value has alsoc baen
found a:mrluutﬂl;‘u*l&]mu‘ Frotone, moacns and
eleatrons of KROWR eEBTEY. We sae that tho reciprosal
of the standard deviaticon of tho distribation of ﬂ
i A measure of the crorgy of tho particle whioh pro=-
duzeas tho trask. In fest , any measure of the dis-
poreion of @ spy be uscd to mopsure the onergy of
the particle, provided we use the appropriate wvalus
of K. In prestice, becausa of ease of acmputation,
it has been customary to wae the reclprosal of the
negn deviption for thia purposs.

o far wo have sapposed that cur ftrack is of
mich length that we are dealing effectively with the

populption, 8¢ that the particle's snergy can be
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ooEpArative DoeSurcmenta, howowar 1t sufficos 1o
polint out that ionizatiom, g and G, depend only
cn the value of =z and not on the mass of the par-
ticle which gives rlas to the track. I is trus
that the wnlus of 0 in (1) is weakly dependent oo
the masa of the partlels, Wit as between particles of
mENE EF Mg, this variation may be neglected. It is
of intersst to note that for B g n..ﬂ, the squation
(1) may be written in the simpls form - E. ap¥
whare the ¥aluss of the constant snd expoment dapand
gn the medium. For singly-charged particles, we hawve

approximataly,
i ¥
Aluminium 1.44 l.84
Emulaion 1.47 1,48

- dT/ax teing expressed in MsV/grem em®. Bince 4T/dx
18 & funetion of & and 2 enly, Lt follows thet
particlas of the pams oharge and veloolty have Toesidual
rangas 1n direst properticn to thelr masses,

Goneider the plote of g va. B and O va. H for
two particles of masa M, and My | My > M;. The
surves kave ths gemeral apposrance shown in Figs. 1
apd 2. The pointe Py aod Py mey be called
'porresponding pointa’, and are points for whish par-
ticlos of the seme cherge, hove the samo veloccity.
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waluss of B, sonteinod in the samplo. Each
tragk wields .:-”E = 1w waluesa of @ . Absut
go%., , say n , of thoas may be taken to bo statis-
tigally independent. The mean of the sample, will
not, in gemargl, be zaro. For safficlently large N
the individual velues of the mean compated for identic-
al tracka, ®ill ba distrituted normally about zerc
with atendard doviation - & Ei-

The astimets of dispereion coombnly employed has
baan tormed @ , and has the merit of extreme eass of
cempataption, being the mean valus of the ipdividual ’i
nll taken with positlive algn.

Ae 1 i: I#,1 (7]
vau g

gtated in words, this guantity is the estimate of
nean deviation from assomed meaan Zero. Now, 1f for &
large mumber of tracks all of oqual lengih and oDeTEY,
the sxperimental values of o be plotted, they will
ha found to be distributed about the populatlon mean
daviation p in an asymetrical manner, espesially for
ammil velues of n., For lagger valuss of n , the
dlstrivation of ¢ about j will tend towards the

Wormal . Howavar; the eatimate of enargy derived frono
= =1
-

gach apnples will ba besad omn . and will be
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pond 1ag p‘n‘.lnt-a.. The dpte are sometimes platted on
log.-1log. pa.p;r, in "Which case 1% may be shown that
ths sorresponding pointa are glven by the points of
intersection of the ourves with the family of straight
lines which make an angle of 45° vith alther axis.

Multiple Scattering

e to intermotlone with the atoma of the mediem,
thoe path of p ohargod particle thedugh mattor 18 Tor-
fucus, and the dopartures from stralght=lico motlon
may bto used to estimato tho vweluws of phic proper
tho partisle whare P = somcotum - BoBfc, mod B,
i the rest-mass of tho particle, The toshnlgue of
£norgy measironont by multiple scettering has boon

3
largely doweleped by Dorkers b Bl‘iﬂ':lll ]. B:'|.1u|:.:|.=:|"1

mnd mnmst:arm". Thore pte sovoral mothoda of

1

aarrying out this mopsuromcnt. Of thoss, that dos=

oribed by Fowler®

is the meat senvaniont in practice.
Beiofly the plate is set up ol & microsocps the stoge

of which is dosigned to have neogligibls departure from
atraight-1line metion along tee motuslly perpond loulsr

ATEA. Tho plate is "lined ap' sc thet the nean Jdir-

wotlon of motion eorrespenda to, say, the =x-axis,

By menns of & micromeoter sercw, the stage le traversed

along the x-axis by equnal steps of & misrone. AL
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Particle F

T =l 80T 5,10
Froton 4. 87
Douteron .08
Triton o, B0

Maps Moasurenments by Technigee 3. - g v8. & .

Thim uthnd.m}u of groat walus for identifying
partisles shich do not coms %o rest in the smulsion,
and hps been used with sucomss %o sctabllsh the natore
of the 'ahower' mod other particles snlited from gosmis
ray stars., Those rosults aro shown in Fig. 7, from
which the eethod will readlly be understocd. In the
light of recant w-:rrfka";l:I , thess curves rogalrs modific-
ation 1n the reglon of minimam ionizatico. Inatead
of reashing constant grain-density es the snergy io-
preasss, the curve pEopar to sach pertlele Tipat
pasess through a minismm velue befors resshing the

rinal constant value cr ‘platean’ of grain-density.

T =Mesons.
To the time of writing, 8ix examples of the
T -docay bave besn cheerved, thres at n*ith:'l“”ql:I
and three at Imparisl Collegs, an.dnn{ﬂ'u},

thase, four are maitables for measiEament. The main
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by the asell-size & For s track of langth L
microns, thers will be Lfs - 1 such values of ﬁ'J.
Spppose that e have available a hypothetical
track of copatant emergy end unlimited length such
that the numper Lfa = 1 1ia wary large, Then, a
plotting the experimentsl diatrilution of 51_1, W
would obtaln a rFesult sach a8 that showm in Flg. &.

.HL

Fi5 b t

®e c=all thie @istributicn the ‘population' and

tha individual members will be distsibuted approximately
pormally with mean merc. We shall suppose that 4% 18 °
norFeEsl . A normal population 4a characterissd by tho

too-paramestar Elllu&t-il:lIl
.
—k .
Plglap a u,-Em-“"‘r}“( — }.] d @ i4)

whers H im the mean, and T is the stapdard deviation.
In the present case ; = 0. 'The standard doviation

g is o convenlont meagare of tho disparsicn of Shi
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particlas. It is likewiss for ths London Aveants, a0
that it will not be pecesspry fto dessribe them 1ln de-
tall.

Identifioptlen of the Fnrtleoles and the §-Valus of the
Raestion.

Binge it gseems certain that ooe of the decay partio-
les im event 1 1i& s % -mescn, 1t remsins to dissuss
the evidence for the matare of the remeining palr of
particlas and of the threa pariicles in event Z. Event
£ possessed the most favourable gecmetTy ao that 1% will
ta chopan for detallsd dcm;:'iptimj af the BHsasureBenta.

It is & rfortonate featursa of this eovent thet the
track & 1o of great loagth (8400 p), and that 1t could
Lbe damonstrated by gap-ocunting that it had almost come
to rest bofore passing out of the emuleisn. Ao eatisate
of mass by Technigue 3, g wo, 4 » BA7E A velup 285 + 20
hg, 80 that (e} L8 mlmost certainly s T -meson.
Furthermora, since the uncertainty in ronge was only

~ 400 1, good valums for the anergy and memsntum of the
rarticles could bo obtalned by uvas of the robge-cnergy
ralation. The wvaluss found wore T = 19 & l}..* MaT and
P= 75.4 MaV/fo, How, since the tracke a,b apd ¢ were
ahown ©0 W6 aoplansr, we may apply the ocnservaticn
law %o Tind tho moments of b and o, They wers B85.8
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mpaasursd by determining experimentally the value of
the dispersisn. W are constrainod, in precties,
howawor, to deal with tracke of finits longth sush
that ]’.,u"l = L has guite small wvaluo. TEnis , our
tracks sonstitats mercly rendim spoplos drewn from

the popalation. It might be thought thet thi

valus of Lfe = 1 oould be incromscd by doofomaing

A, ot suweh roductien cannot bo conticuwed [RdcTinitoly.
Thie i& becpuss for weby emall a8, the dispersicn ia no
longer a moaBurs of the dispersion of § , mi rpthor
of tho unawcldable errors of oboervetlon coupled with
mm; arising from imperfeations ik the motion of the
staga. ‘Thy oonjolmt effest of these 15 umelly tormed
"'ncise'. Thus tho minimm asceptable value of &

for & trask of glven cnofgy 18 suoch that the disper-
alon dus o Esattering say & truc, is large ccmperea
with that duo o *noise®. .

As will be sgen frem (B) o, dneToases as af,
Tuummu_qnl“n;iut for tho olimination of ‘noise' |
Thay invelve the moassromant &f scpttcPlng walhg tao
eoll-sizon.

Sinae, in general Lfs = 1 will bo small, 1%
followe thet wo oan only make an gatimgte of the valuosm
of the mean, the standeard dovintion of @  from tho
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Tatal Finatis Energy of the Deacay Particles

Asmumed to be TM-pRriicles
Evant
Farticle {a) |Particle (b) Particle {c}| Total
1 LoDk .10 HeV- 1+4 MoV 4 g +4 WeV. | G5 & MeV.
2 S0F7.5  MeV. 332 MeV 33 MeV, |B3FLS MeV.
1 1930.4 MeV.| 24.290 MeV)] 32%3 MeV. | 78R § MeV.
Walghted Baan 73.5+d HelV.

TARIE II

Abaolute or Relative Valuoes of Hape of Gecendary Partlcles

Event Fartizla (a) Farticles (b) Baztiala (o)
i = 274m, Fo+an 1.02+12%
2 1 1.10%15% 1.0 1R
3 20854200, o.B8311% 1.00 5%
TAELE III
Masa of Frimary Farticle in my
Particle| suthers| Tength| 7+ R | g.dw R |Conser- Hoda
of watian af
Lrack af dacay
ESESE -
um
T Brown |3loou| eoosz7olicBosifo|os9+4ld [T W4T
at ml.
T Harding| 740 - - o594 30 "
T Fowler | 2070 M| 1015+280| 9l0+220(969410 w
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distributed differently from theoss of & . The
atpndard deviation BSp of the satimsts of energy

will depend omn ni For large n, it will tend to-
1 -
wRrds ——— T 1%)

v an
By uss of thia expression, we may arrive at an

approximate value for the stptisticnl uncortainty of tho
astimnte of cnergy dedusod [Ton Repsursmenta of scattor=
ing on o track of finite longth measured in eoll-aige

Maps Mopsurements by Techniquo 2, Multiple scattoring
¥a. rosidual Tang:,

A sommenlant and rapid meathed of eotimating Sho
mageas of particles which ooms €0 reest in the ezmleicn,
bpa been described by Menon and R::-:ha'bm] . Eiafly,
tha Tesldual range B is firat cepsoced, snd then an
eatimate of X is onde welng, bodaver, cnly the faster
half of the track. Thiz spsaial 4, 18 distinguished
by the aymbol ; . Thay dafioe as follows a paramstar
F

-

Fe 1.07 logR = 2,37 log & . 18]

This pprameter nny be shown to bo & limnesr funsticn
of the logarithm of the mase vnlue. E is monmired
in misrons and i in o108 mierons.  Typical waluos
of P rfor 3.5 emulsicne are
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gosondary particle, which bad a range of E200 n
tafore 1% laft the emulsilon, was estlmated By mltiple
seattaring to bte 2B0 MaV, Thala is about Twioe the
rest-ensrgy of the pe-mescn, and the langth of tha
track was such that this valus could not ba axplainad
a8 prising frox any reasonpbls statistical flustuetion
ip the mpasurament of o . The grain-count of the
track was indistinguishable from the minimm walus Iound
by measarament of particles ik the same roglom of the
rlata .. Takean in asajunstion with the abowe walus of
& , this obeervation showod thet it wes highly im-
probablc that the mass of the mritiele exccoded 400 my.
Thas, in terms of known partielos, 1% ocould ho & 7
or p-mopon oF an electrom.  Pecause of thesc Coaturos,
tho primary pastiele which had m visaible range of 4200 4
was subjected to gareful serutiny, and an sotimate of
its mags by Teohnigues 1 apd 2 gave the following valuas;
Ows, R 1350 4 170m, and d ws R, 1260 4 250 mg.
& photomicrograph of the ovont is shewn in Flate IIL,
and the exporimanial Ea.]:la-lnq'l.gtl.. surves (intogral) in
Fig. &,

A socond ewont found a short time later had owvan
mors FeRaTEablo charaoteristics and is shown in Flate
Iv. Saperficially, it has the appeefeboct of 4T =
A = @ desay, bat the rango of the intormadimts particle
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foaturss of the prosess will ba visibls from the
photomisrographe in Flates I and II. Flate I
ghowe the Pristol 1949 event alresdy refsrred 0.
The directicn of motion of the heavily=-ionizing
track ¢ is towards P as shown by the progressia
imereass of multipls scattering and grain-denaity.
The appearance of the track 1n the ssiphbourhood of
P ia conaistent with the assumption that 1% decaysd
at P to thres charged particles a, boand a. or
these b and o pre rairly fast as showm by e elenr
resolution of the spparate grains which hewve grain-
dansity of sbout 2 Epin . * That marked a 18 alow,
pnd soming to rest in the gmalaion, deceys to a chara-
staristic two-prong o -STAT. Thia event provides
the mtrongest evidenos that {a] 1s %he trask of a
o -mpaon. Purthermore, to within the erver af
moasuramont ~ E‘", tho thres tracks &, b end o arc
soplanar. This provides strong indapendent evidenon
that we erc donling with the decay of the particle ¢
while at rest or moving with negligivle momoBtum.
Flate 1I shows tho soecpd such ovent obaorved A%
Eriatol., ‘The main features agrad with those of tl'
tnoluding the eoplanmarity oOf the desay producte &, b
and ¢, the only point of airference boing the more
aven pertition of the avalleble onergy betwoen Lhe



Tabla IV

Farticle PRIMARY PARTICLE SECONDARY PARTICLE
Lengthn Mass lng) th| G.D. % | tensas Fria Remarks
o < |0 =1 Leng i p |Tentity [phe EF
Lrack len K track
K1 L1G0 1260 | 1350 T Eplabonn |0.10 % [ = &0 mgl 250 1BZ  Secompiury charpss
*790 | +180 0,014 Ha'r HeV particls could be n
[ npaamed K 0000, H=DSS0T 0T
p-mesomeleotron,
2 ShTD 1125 LL25 110 - - pemezon. [11.5 | 5.92 Secopdary e a minl-
< g 200 | £ 150 00 By o B [ HeV  mem trank, at the end
g€ 300 of itz range and haa
oy Iree “.:H_H.n beem Adenk—
o v E ded &0 & nnluﬂ
|depaying into an
aleeiren ) .
1| 1800 e - - - -
K3 oo s | B 100 | TP | Pateau .
[ 534 = - Fp 0.18+ | 50350 FLAS 95 Frimary track 1s koo
K " Fplatans 00040 u“_ HeV HeT #tesp for &N acourchs

[psoumed measurensct of mas.
p-peitn]) Beattering measure-
ments ahow that it is

the event

in of near-probon-

io madeE. Sapanda Ty

evald be &W,u or €

N0 | 130 - I - - - - Secondary track is
Ks .._.EH ThA| Bplatess Secondary track 12

appearas to howe a grmdn
| denpity ~ platea.
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+ 1 eV /e and 86,3 #1 Ma¥ fo raspextively, Thaas
valugs of momentum, taken with the chearved grain-
densities, yielded catimetos of maes My, = 240 ¢ 30
mp and np = BAQ + 15 my. Boeausc tho track B
dipe at€eply 1n the coulsion, it is belioved that the
avova valut of Oy 1o an undcerosatimate. Thoss rosulta
maka 1t most reassneble to suppose that all throe
dacay produsts are W -DoEonsE. If thia ia pasuned %o
ba the oase, the cnorpgy of b apd ¢ may bBe omleul-
ated ron the momanta, and the total esnargy releaso
in the remstion: the g-value may be comnubed.
For tho caso under dissussicn, this was found Lo ba
T T MoV,

Lnalysis similar to the foregoing has booen carried
out on ewent L ppd on one event describted in detall by
H-l-I'ﬂiinEE':', lending to the §=valuwaes given im Tabtls I and
to a wolghted nmean value of 75 + 4 MaV. Assuming
dagay to thres We-massns of mros 274 ng this value of
§ Tixas tha mass c:.t.na T -prrtlole ma D84 + B8 oy,
The correctoess of those conclusions rosts on the
apsumption that tha T -meson deonys at rest to thras

T =-mascns, and that no neatral partlelo les saitted
in tho prooesa. It beae beon ealeulmtod that the
exission of a noutrine of epergy = 10 MeV would

produsa mo aversge Jdopartura Irom eoplenerity of - 27



ene plon and ong lepton ampd (¢l two leptone, We

will write 2 for a neatral lepton whick may he &

photon or o neutrinc, Scheme (a)] demands that K

be & fermion. Schomes (b) and (o) may be eatis-

fled by & boscn of m Termion by suitable oholes of
A We have,

K22 + u (a]
S W EATSE
2k + p (el

Applying the consarvation laws to the gase Il.‘.'l, e
rind the following minimal values of § the energy-
Teloass and =, tho kappe mass.

Tabkles T
Decay Schema | @ (Me¥) oin, 'Sl
im] 204 130
(bl 349 1108
[al A58 1090

These minimal maseos aro in gocod sgreement within
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n posaibility not exoluded by the measursnsnts.
Howsver Tive cases of T -dacay have now been observed
\n which the produet partisles are coplansr &6 within 2
and it does not appear reascnable to pesums in 811 of
thean un.mlt, that the mutral particle im a four-Tody
desay has an cxaopticnally low ocnorgy mod DBomentun.
Furthur, tho ascomolusion that tho throc chergod partic-
lee had ogual mass was tostod By an indcpondont ar-
gumont bassd on the mcasiroment of the angles botwoon
thatr infitisl direotions of motion. Tho rosulbs
givon in Tablo IT aro favourablo to this sssumption,
Finmlly, the mesacs of tho primary particlos woro
astingted by applisation of the Teshnigues 1 and £, with
the reslts given in Table ITL.

£}

A moAsurable cass of T -desay desoribed by Hedgson
yielded three trasks coplanar to within £°. Assuming
that thess thros particles were W -AScns, Snergy 8-
timates bassd on grainecounting gave m §-value of 73,3
+ 7 MoV in agresment with the value adopted above.

Eappa Mesons.

Iuring an mnntmﬂmnsmur the p-geson aleotren
decay spectrum, an event was found in which & partlole
coming %o rest in the cmulsicn decayod %0 A particle at
minimim grain-density. Tho velus of pde of the
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Tabls VI
l” = BEG By

Eohooe ppe of p-moacn

(a} 1268 MoV
[t} 193 MoV
[a) 215 MeV

To the time of writing, tho scoondary particlo
from K, has the highost measured velus of p@ec  namely
280 MoV, btut tho standard dovintion af this obssEvwetich
may bo saloulatod fto bo -~ 177, Thum, while apert
from considarations basod op apin consarvation, wo may
rojoet schomo (&), the oxperimentsl walué pfe = 250
MV is not inscnsistont with dopay=schemos (b] and (o)
iF w0 AABUEE Wy ® Oy It muat bo polntod out
howovor, that wo hevo at prescnt Bo evidenco thot 250
KoV 18 approximate to the maxirue péo  of the chergod
ascondery desay spoctrum. Hemes, while at the momont
the ovidenoo from this soureo ia inscnclusivo, the
finding of & fow ¢charged ecoondary particlos evan of
moderats length, hoving valuoos of ppe in tho range
200 = 200 MeVW, would be saffisient evidonce to rojeot

tha hypothesis.
Tho high g-velues of tho reastion glven in Tablo
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ip 1080 u ; a rangs réughly twice theat of the

avarage of p-mancns from F-dsoay . Measuremantsa
on the primary gave the Following estimates of msas,
Gws. R, 1185 » 180 m,, J vs. A 1136 & 580 my. e
will refer to this avant as H‘E,

To datée pond saven msamFnhles expopleas of the
decny of m hoevy charged Hmescn to one charged second-
ary particle bave boon observed by the Hrilstel group,
and , in additicn, one remarkable exempleé hag baon

23
found oy the group at tha Eesla Pelytechnlque J.

L

Bfere dispussing the goneral foaturea of thosa
gvents, it will bo bost to summarize thoeir charpetoar-

isties in Tablo IV,
Wo may draw the following firm somclusions from

the dats prosontod in Takle IV,
Supposing, first, that the mrtleles #.'1 - Ky

arc identicml particlos, it follows from tha sproad
in the moasurcd coergy voluwes of the charged ssacmd-
ary pertisles, that in sddition ot least t@e moutrnl
partiolos erc produced by tho dosay of thi B -partic-
la. Furthor, tho charged socondary peEtlale 18 A
p-moson - K, ana W, ).

Copatdearing thoso noutral partieles of which tho
gxistoncs has boon ostablished, wo may pestalpte thi
following throo-tody decey schemos sesuming i turn

that the neatral partielos are, i) too pions, (b}
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being due to the decay of such a tartiele. MNone
was found, However, the gecmetry wes not favoursble
and furthor, owing to the small enscgy of projecticn
(1 eV} of sach a particle if &% existed, the angle
botweon the charged decay produnets could be little
diffarant frono lﬁﬂa. A ciroumstance whish would make
it extremely difficult to reccgniese.  Armentercs et
al. bave described a remarkable event which, thay

suggeat, opy ba inberprated intorms of a desay in
f1ight of m ocharged V-partlicle posaibly produced to-

gather with the seccndary charged particls, in m twWo-
body decny procoss. At first sight, it would appear
reasonable to assune that the postulated two-body de-
eay of the ¥, 15 the samc as the cloud chamber cvent.
Howaver, oaloulations show tmtthe Q-valup of tho lat-
tor muist be sovoral timos that of the Ky, so that

thoy oarmot both be cason of tEo-body dacay of tho

aans particle,

Helptlon of K %o Ghargod V=Farticle.
Expaples of the decay of charged V-particles rirst
obeerved and interpreted by Roohester and Butisr havs

g}
ginae hesn Tfound in ssveral oloud-chamber investlgations

Bevoral examples beve boen desoribed by the Manohestar
workers Qm:ng ghich g few =ere mitable for heasuremant.
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Purtipls PRIMARY PARTICLE SECORDARY  TARTICLE
Langth Mage [ Lergth | .0, H."._“_.r Identity (pfe] Bnergy  Hemarics
of FalE el af
track Lrack
K& e p il 00 p 1.70 0.5% |p-poson | 55.8)] W BeV  Secondsry 1s a
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s
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lar to those which Iead to the production of T -masons,
Un general groupds, however, one would expect becmuss
af thalr bigh mass, that they would be produced as an
appreciable fragticn of the meson ocompopent only in
ovants & high energy. W vory clear evidence of their

1)

praduction amerges from the ek of Fowlar and of

Caperini at .,155]. This 18 80 partly bosauss tho
ovonta studiod by thopo authors hed a very btrosd dis-
tritution in omergy. This work i at prosent boing
axtended with improved technique by Davies ot al - r2c!
et Bristol, and proliminary resalts of tho groatoat
intarest and importanaos hewe boon announcad, It

would appear that as attention is dirsetod to avonte

of progrossively higher anergy, tho rato of produstion
of K -ppriiclos insroascs relative to that of Tr-mbsons,
and for ovonts producsd by protons of energy > 50 EoV,
pearly opo helf of the showor perticlaos would scoa to

bo particlos of mass -~ LE60 H,,
One of tho Airfisultics in rocognising elew W -par-
tiplos in platos oxpossd at mountain altitudes, is the

prossncd SF an unwantod beskground of lov-onargy ovants
auch ag P =0 docays and othor tWo-prong ayvente from

whish the K -dsseys must be distingaished by inapection
and moasuroment. By making high-altitude flights with
plates sxpossd under suitable sbsortars at low goonag-
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the arrors of obssrvntion, with the Hessured masses,
t at the present stage, 1t 1s not possible to . decide
bateean the dessy schemos.

It has besn suggested by BITIHE"I]‘“J-Ht the K and ¢
deocay procsssos ard it mltortatiwe transformations of
the samo particle, and it is of interocat to examing
this quastion in dotall. If gorrect, the dosay-schoms
fal 18 automatisally exeludasd, sineo the hypothesls

KT rogaiTas K to bo a bason. We are left with

the pltarnative possibilities

Kam svep (b')
¥+ la')

How, apart from m decislen of tho guestion by asoumalat-
ten of p sufficisnt number of exsmples of the prosess in
whish the primsry particle has gharastoristics favearablo
to direat satimete of m . , ™ may obtain ovidenas o0
this question by considoring the highest value of the
guaptity pPe of the seecndary charged partisle.
Assuming my = VBB my, tho followling efa BAaximmy valuas
of pfic for tho soccnlarTy p=Doeow.
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misrograph is given, & particle smearging from a

star appears to praduce at the and af 1ts Tangs
8 engll muelear event in whish two sherged partisles
are saitted. From grain-density vs, rangs, the mase of
the interconnecting particls would asem to be 725 mg,
while frem scattering it hes the bigher valus 1500 = .
wing to the possibility of fading, it might aeem
reasonable to supposs that the mass estimete obtaiped
vy grain-counts is too low ao that it 18 Just possible
to ipterpret the event as & nualear intarastion by a

K -particls. Two cases of particles of the sane
apparent nass whioh came to rest in the emulsion with-
out having prodused any visible interaction sre mebtion-
gd, But no details of the measurements ace glvem, bub
1t mast be remembersd that sseondery cherged partlelss
with grain-density near minimam sould not be recorded
in this smmlsion. It ia alaimed by the authors that
in tke seaondary miclear event lower limdta could ba
plosed to the masses of the particles o jected from the
seaondary maslear svent, bat 1t is wery dlfficult 2
pes how gny such sonclusion otuld be arrived at ln view
of the very short ranges Lfovolved & saproh hag boan
made at Bristal to sse 1f any of the prisery partizcles
of ¢ -stafs could have becn Eeaw mesons, tat in 100

oxanples, no caps was found in which ths parent particle
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¥ are notewarthy, and contrast strongly with thoss
of T -decay and the F:I,j =decay of the Manchaatar g':r:u:pe'],
It remains nevartheless a possibllity that K, ia
B partisle of mase and dsopy-schems differsat from the
other cases, although the grain-pount and santtering
messuUramants oo H’E would seem to provide evidenaa to
the contrary. If there i any similarity in shaps be-
twosn the ecnorey spoetra of tho charsod socandary par-
tlaoles in kappa nnd I;.l-d.uu-p.r, it appoars sueprising to
rind in a limltod 2esplo one with tho vory low cnerTgy
of & MaW, but it mamt bo borne in mind thet mo ovant
af tha Lypa I'CE is mgh less likely to escape obaar-
vation tham one of typa I(l Since the nomebtum and
enargy of the sherged secCndary are very accurately
known from the rangs-snergy relation, it is of interest
to aonslder whet sust bs bhe Q-value of the reaction and
maas of the neutral partiele, mssuming two=hody deomy.
It 18 found that tho Qevalue is very sanll, Bapoly 7
KoV, and that the noutral pertlole mast bawe mass 900
# 130 m,. A1 knewn neutral partioles are thus exeluded
savo, parhaps tho “E particle of the Marchoater and
Faspdohm worksrs, tho exigtenco of whioch is8 mot quite
sertein, A4 scarch was made along tho baokward pro-
longation of the initial direetion of moticn of the
M =moman for an avant whish might B intorproied as
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Oma sush besra & strong resimhlacce &6 'I'-'-l aad the
two svents pay well be of the samz type,  TFhis was
o cass of & heavily lomizing portiele produssd in
afasaiation with a high-soorgy interaoticsn in a lead
plates which subsequently decered t0 a single shargad
perticls of mearured momentum 150 MeVfe. It is be-
1iavaed that tho primeaey pactisls had not goite come o
Tost bafore desaying, Tor it md lonization in tha
rangs I = 6 min, Tricing tho sorzeerenilng welud of
P as being 0.4, aed adgwming that tho scecndery 18
8 pemoson, applisaticnm of thelwierts frensforgation
Flalda a ¥eluc af th: momoninm in ths root aystom of
tho docaying T=partiols of 170 MoWfie, m valuo quite
soneistont ity K-desay, In the othor casse the
svidenoa is loza eartain, but 4 appopre reascrablo
to suppoas bhok at lesst the ma =1 of heavy chargod
aoschE dceay ovoats aro to bo fdentiricd as axemplas of

K =doeay.,

Origin of Hsavy Charged Mesons,
Tha peoblem cf the crigla of the heavy charged
messnas pll types of which, for beeviiy we will eall
K=particlas, " of olwiouz lEportance. Their dis-
aovery in masocintisd with panetrpting showers, woeald

ipdicate thot hov are poafised in cirpunstancss sinl-



Flg.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig,

11
IIL
Iy

TI

L.
&,

&
&
]

L

= &5 =

LIST OF FIGIEES

va H
(differentinl)
s H
¥a R
Integral.
s B

Explanatery of Scattering Techolgue.

Experimental Distribution of @

ol

waE B

Integral gap-langth curves for K

LI8T OF TAHLES

From Fhilogophical Magezine .

K -Mesaons

G-valuss and minloum mkumuﬂn.g various
desay-sohamas.
pfo for u secondary assuming various

lecay achames,



- B0 =

=natls latitudes, 1t 18 hopad to incroase the
ratia K -desaye/baskground, This L& baanude 1o
sk agnditions the ovents recor dad in tle pletes
will tend to ba of higher anafgy through the opar-
aticn of tha magoetio "cut off', and plans for mach

flights are already well advansed,
Other sutstanding problems are those of the ea-

timation of the life-time of the particles, and the
degisicn ag to whether thoy have p strong interaction
with nuciecna, The valwe of the life-sime 1le etill
uneertain, btuk thers are strong reasons for belileving
that 1t is not less than El:l_im,r it 1la not cectmin
that K-particlos are direstly produssd in muclecn-
naelacn oollisicns, o whother thoy result Trom the
decay of an intermodiate partisle of ahortor life.
Infaceation on the atrongth of oouplimg betweon K
-particles and nuolecns is neegro,  Thers oxista tho
anss digsovercd by loprinsg-Ringuot and THE® S & Lear
alroedy discusscd, tub the natwro of tho pertisls ie
yneertein, and the interpretation of the event is,
parhaps, opan Lo doubt. Attanticosn has boen drawm

in Aisoussien by MoTusker to work desoribed by Wagner
and Goopar. Thres axsmples of particles of apparent
mans ~ 700 mg ware found in Tlfrd 02 plates flown by
high sltitudes. In cne of thess, of mhich a photo=
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pould be 1dentified me being of mass significantly
difrorent rrom that of the T -mesin. Irveatlgations
along these lines are Stlll in prograss.

Apknawlodemonte.
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pabligation, and to thank the Fropriators of thi
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Plates, I, LI, 1II and IV and Figures 6, 7 end B
ard Tabiea 1, II and ILl.
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THE FmMOFERTIES OF MIr-MBESONS

E.F, Goorgne
Birkbeok College, Landon

1. Inftroducticn.

About 15 years mgo, absorption mossuremants had
shown the sxistence of two componants in the cosmic
redietlion: & soft component whosa [Froperiles agreaad
with those calculated by Bethe, Beitler and cthers
rfor high anargy alectrons, and a hard component which
pould ot ba B0 dageribed, bading mish more paRetrating.

One ashool of thought, supported by Blackettd,
suggestad that the hord ec@mponent consisted of eleatrona
it that the theary brokes deown at ﬂr:.r_hi.gh eferples
the rats of energy lose of wery high epergy aledtrona
being mish lass than predicted by Thedary. The athar
ashool of thought, sapported by Anderacn, bheld thet
the thecry was valld at all soeegles, and that the
ponatratine particles had a rest mass groatar then
that of the eleatron, aince the rate of radietive en-
argy loss Le inverssly proportlional %o %he square of
the roet masa. Furthar , they ¢ould not be protons,
sinpe protons of anorgy loss than 00 MeV lonize saf-



.
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=fislently heavily %0 bo recognisable in s oloud
chamber and the number of heavwily ilonizing fracks
found was far too mmall to b eonslstent with the
jdentirisation of the hard conponent ®¥ith protond.
Hepge the hard component was mssumed to conaist of
partioles of mmad intormediate botwesn that of iké
plestron mad proten, oalled waricusly, hopvy slsgtrons,
harytrons, measirons OF MBA0RA.

Ths flrgt direet evidenes for the existencs of
such perticles was obtainsed By Feddarmayer and Anderson
in 1938, uaing a oloud chamber. The peostrating com-
poment wae eventually shown to ba mainly mesons of Ieat
mase pbout 200 thmea the alasiTon.

Proviaus o this, in 1935, a young, unknown
Japanose thaoretioal physiclst by the nama of ThEAWS
had postulated the existence of a particls of similar
spat paas in arder té assount fer the b3 ET FAREE
forees batwean noutrons and protons.  Yokawm modified

the Lapleco ocquatlon:
S
v ¢ ="

! B
TP =K P [}

a poluticn of which 1@






-7 -

giving up thelr rest mass spefgy to Ouslesr exoit-

ation - in sbout 10°%9 mec. !

4 possible way out of the difficulty was proposad
by Sgkpta and Incus In Lo43. A sipilar jdes Was sug-
geated by Marshek apd Bethe in 1947.  Sakata and Inous
guggeated that in the cosmic radiation thers mara 2
different meacna: a Yukewa particls 1‘1‘2:1 af intagral
spin and m lighter mescn of spin 4, prodused by spon-
tanecus deaay of the Tokews particle:

z x
T — m + 1
where n is A noutrel meson of negligitle maRs, aqml=

walent to the meutrino.  Quoting from Thelir paper:

"Than primary iocidentel protons at rirst aragta
Taknwn perticlas Ty pollisiaones ®ith ouaelei of W
or 0O @toms existimg in the atmosphars,  Thess
Yukepws particles tranaforz into mesons instant-
aoeoualy by the above JTooess. The interaation
of the latter is spesller than that af the former.
Thus e ohsarva thess Bepons as hard components
of gosmle TAYs"

Furthernors, thess authors showed that acoording to
their theory, tha decay of masons doours by the follow-

ing processs:
*
¥ +n
* e
o w - P R -
-
m=+-n=‘+vr -

¥
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#. Mass.
Barly meamirsmente of the mass of tho m-meson

aro sunmmarissd in Tabla 1.

Takla 1.
Mpthed Ouserver Maaa

Elastis oollisien., L.E. & Gorodotsky (1941} 240 + 20

Hoghag (19411 B0 + 25
Momontun less in Mishina {(1938] 180 + BO
plats

Wilson J.G. {1933) 170 + ED
Mementum and Willimms & Plskup (1933} 170 + 30
Iomizaticn.

MNielsen & Fowell (1943] 210 & 20

120 + 20

Moch more mosurate values have bean obfalned Teo-
sntly by Fratter, Brode, Franzinettl and Barkss. A11
af thess smpthors have ussd versions of the methcod em-
ploying & simultanscus detarmination of the momentum
P mod residual Tange, E. R is determined by Px VW
grd hense P oand VWV may be determined seprretely and
rinelly the mass. ttar and Brode used cloud chee-
btars, and thelr apparatas ls abhown in Flg., 3.
Franzinettl used two photographic plates Cfasing ono
another , shewn in Fig. 4 - the so-galled "mspnetic

enndwiah". Teacks of particles are traced from one
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the electroa within & or 3 per cent, and is pre-
sumably identical with it., This is established by
aloud shember measirements of the densaity of droplets
in trasks of mogons and elestrons by Heodo and by
Bazen. More recently, the grain density in traocka
of fast mo-masons and eleotrons frem aleetron peira
in muelear plates exposed in our uoderground Laborat-
ory in London have been pomparead. Tha results wara
ngein the sams within the limite of expecimental

BITOE .

4. dpin.

The eyidence for the spin of the mi-mamon was
firat discusssd by Ohrlsty & Husaka (1941], The ea
guthare pointsd out that eince the cross-sootions for
the ansrgatls aellislone botwoon massne and elegtrons
{imoek-on olestronsl and for rafdiative nualear coll-
iaions of mescns (bremestrahlung) both depended on the
apin of the meson, 1% ought to ba possible to gt some
indisatien of the apin of the mu-massn by conparing the
fraguancy of burote under thigh abscrbers with that
saloolated for waricous spin valuas of the HI-meson,
The results of this comparison are shown im Fig. ¥,
From these results, thess authors concluded that the
gpin walue 1 sould ba darinitely exeluded, and that



(2)

giving s force of rangs ~ 1/ .  He showed that
pnargy should be transrerred in a fisld satiafying
{1}, (), by particles of mass o, ehers

1/ = range = - {3]

na
Putting 1/ -~ 1.4 . 10712 5x, gives a value
far m ©f ~ 200 ms.

It sgomed g very natural atep at the time 1o
identify the cossis ray meson with the Tukawa par-
tisle - in mny casa overybody asoumed them to be
the sama at first. 4s Sime went on however, it
boopme olear that scmothing wea wrong - tho propert-
{sa of the cosmic Tay meson ware found to diverge
pore and more from thoss reguired by theoty, LIn
partisular their interactions with ateale nunlsi
#6re too snmll by seversl orders of megnitude -
ahown up mest clearly by genversi, Pansinl, Fleelond
[1047). The popitive acEmic ray neson decays ab
peat into po electron with & meen life of .15 micra-
a0, By nagnotilo fosussing Figsioni ehowed that
nogative cosmic ray mesind brought to rest in carbon
showed the normal deany, wherens epeording to thodry
they ahould have besb ghaorbod by the carban maaloel =
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This iE the only experimental evidence that
bears direatly on the guastleon of the nu-nsson apin
valua .

irgamants of nn indirect naturs, bessd on khe
desay and nueloar soupling sshames of the HI-BEAOE AFTOD
with tho assignmont of tho velus _ ma the most probable
valoa. These are dissusssd in the following scotiona,

5. Deany .

The rast that the mi-mescn 18 unstable was iaferTed
by Eulenkampt in 1%358, from the so=called absorpiion
ancmal y. It hes been found by several workera that
the absorpticn in alr in inelined direaticns was not-
abtly greater than the absorption in an eqgual weight aof
gair in the vertioanl directicn. In the iaslined direct-
fons, the average denslty of alr 1s leas and hence the
meaacng hava to travel a greater path length. The
aXtra ahsorpticon was Attriboted to decny in the extra
tima token t4 iFaverss the atmesphers. 4 sinllar con-
sideration was advansed by Hlackatt (1938) %o explain
the ohesarved negative tomporaturs aoafficlent of the
posmic radiatlon. If the temperature of the atmospheare
is inorcasad, 1% sxpande, and thore will be a decfomss 1B
the mumbar of moscns surviving to sse lewel, owihg #o

dacmy in the oxtra path length, From such considerations,
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i.8 inte an elestron plus 8 1light neuiral particles,
Thase pradictions were confirmed in a remarkable
way by ressarch carrled cut at BEeiatol with phote-
grapkia plates, whish resulted in the discovary in
1547 of the pi-meson of mass 274. Thia partlels
havifg & short 1ife | A« 107 gac) snd strong masleer
interastion, both being reassng ror its rarity in the
pogmic Tmyd near soa leval, seemad to bebave FeTF
elosaly to tha bahaviour I:ﬂ-q‘..l.iﬁﬂ- by Yikeos's thooey
and Bakata's oxtonsion of it. Ezesples arc ahown
in Flgs. 1 ad 2. Thoss nssons are called pl-mosons
and the ssacndary mesons into which they disintag-
rote are called mu-mesons, mnd it is sonsarning the
properties of the lattar that I want T2 sonfine mp-
gelf. After thely dissovery ln eosmic rodiation,
pl-mesons wars produced by energetls nuelenr ool-
lisions of artificially mocelerated perticles, The
maoh greater bean intensltiss pveilaties from the
asshines resulted in a grent onslaaght balng made
onm the isvsatigaticn of the propartiss of the pl-
peaon, and & conesgquent negleat of the mu-neacH.
Howowor , tho ma-mason le of somo intcraat | slinen

1t doas st £1t ints any pldgoon-helo in the olas-
gifiogtion of fundessntal partisles, in the way

that tho pl-moson doos.
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the megon analogues of Farml'e - F=decay thecry
based on the coupling sohems:

(P8l =2 le,v]

In fast, the same Fermi coupling scnatant glves the
1ifetips of nuclear and of meson P -decay.

The valus of the lifetims of the posltlve mu-
meson was determined by Rossi and Nerescm (1942) uwalng
the methed of delnyed eoincidencea. The value obtained
by them was 2,15 * 0,07 micropes. A latar version of
their apperetus is illuatrated in Fig. 10 wish which
they fetermined the decay curve ssparately for posltive
and negative mi-megoms. Using ma* moscns arising from
the desay of artificially prodused pi™ nosons,Alvares
{1650] determined the walus 2,09 + 0.03 microsec. The
Asoay curve cbtained by Alvares 1s showmn in Fig. 11.

The situation is different for nogetive ma-messna.
Picoioni had bgen unpbls ko detact delayed alostrons
from mi-pesons atopped in Fo, whereas the noTmal numbar
wars deptected i carbon. Intermediata alemenis wWird
investigated by Tiche and Sehein (1848} and by Valley
and Ropsi (1948] and the decay curves obialned Ty
thess muthors for poeltive and for negative mi-mesons

stopped in HaF and Al are showm in Figs. 12 {al sod {B].
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plate to emother , snd Shelr darlection in Sha mag-
natis rigld thus determined. The results obtalned
by this mathod sre shown in Fig, %,  Derkas usod
gagontiglly the same method as Franzinatti., Hie
Ei-TeEons were produced by bombardment of targata
in the eyolotren, and tho magnotic boRding Was also
performed by the cyelotron magnotic risld. The
rosults of this invostigation ard given in Fig. 8.
A1l the reosults are summarised in Tabln 2.

Table I, Detarmination of the mass of Dr-m3&cHE.
Authors: Lato ::'11
Goldachmidt ot ml. 1548, chE & a
Barbour, 1544 BEC 4 B
Frotter ot al. 1949 SLE & &
Frenzinetil. 1960 37 =+ &
Barkaa et nml. 1950 B1E 4 B

The walghted mean glves

s Eld* 1
The electron mass ls only known %o L part in 1,000
o the meaon physicista, at £ parts in 1,000 hawe
pot got far to g 1 gatah up with the b2at work on

the elestoon,

- Chargs .
The charge an the mu=Eeaon ir couml ts that on
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The fraction of mosone desaying should ba glven by

T'= t:l'l'[ “':l
The frastion I was determined by extrapolating the decay
puUrTeaE to Zere time, and the rolatien T verlfled, acmliirm-

ing the nuelear capture hypothesis,
Some results are sollectsd in Table 3.

5 Tahle 2,
Elsment z T L4 o 4
a B 1.89 .87 « .02 B3+ .08
HaF @11 1.83 .57+ 08 .5 = 0B
Mg 18 0.96 .45 &+ .04  LG6Es 04
Al 13 0.7 .35+ .04 .40s .04
8 18 0.5 .85 % .03  LET s+ OB

Wheslsr (1949) has shown that for light elsments, the
aspturs prebabllity 1/r,, should be proportionsl to 2%,

lity = sonst = prvn%:nu jlill-'f

I:P i® the meson Erve-TuRetlon.

v (n:" )i o

How *
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the most Likely valus was &, though the walue b

eould not be exeluded,

Ths conelusions need revising however, for tho
following Teasons:

{a] The thecretical carves sre boo Bigh by a fastor
of abeut 3. This wes pointed ocut by Husaka, and
arose throigh an cverastinate of the affeast of
flustuetions.

(B) Bot all ionizetion burste at sea lavel are duz %o
cascada aMowears arising from mu-Eesch knock-ons enoo
bramsstranlung., fnly sbout 50%, are dus to this
saElse , tho remaindar being dus to nuslesar disintes-
ratione and mixed showarss prodused by the nueleon

acoponent of the cosmle radistion,

Tha quostian has bmon reinvoatigatod by Loob (1881,
whe moasured the froguomey of burats in e hoavily rhioid-
od ion ehamber, using sloctron eollgation., Ueing the
mothod of pulac abepe analysis, (Rossi ot eal. 1949), Loeb
wps able to =aparate out the atar-type bursis duo 3 tha
rucleon camponant. Lesh's resulis are pompneed with
tha waricus thosretisal curves in Fig. 5 from whish 1%
would now appeer that the most likely velug of mR-m2eda
apin is #.
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trae & apd approechos assyeptoticelly tho valuo
V.80 g E —s w
Typloal valupa are

& 4 8 1z 18 3% 54 2 =
Zopr .88 v,58 10.83 13,7 83 BE.E8 32,17 37.2%

The figures io Teblo 3 wore hardly suffisicnt to

4
distinguish botween & dependcmea oa 3 or .‘E.*H.

Hogontly, howcwor, the capture probabilify :.u boon
dotormined for Cul(29) and 8b(51) by Harriscn, Kouffel
arid Roymolde (1951), using seintillation countars.
Thoir rosults sro shown in Flg. 13, amd conflrm remark-
ably well Whoslar's éﬂ. law, ond provide the firat ox-
porimantal sonfirmeticon that the ehargoe 13 sproad wni-

tormly owar the nusleus.
The mu-meson capture probabilities are remarkably

small , showing a very seak reagtion with nuclesr matter,
#.g. in a large nuoleus

10
walosity in K arbit = 100 om/ses.

capture time = 0,08 asi.
, mi-mEasn travels 200 gm. in noolear
mather,

shish sorresponds 9 a eollision oross-secticn of order

1040 an® per nuslecn.
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valuan for ths lifetime of the mo-meson Feoglng Trom
1 to & mioroses. were obtnined.

The rirst direct evidence of meson decoy Was
furnished by 2 pictures obtained by Fllllams and
REobterts (1940], using a cloud chpmber in a magnebic
riald,

Attempta were mnds by Tarious suthora ¢ detarmine
the sosrgy speoirum of the slectrons arising from mm-
neacn decay = but thess wars not wory acnalusive. In
1949, the spasirum was datarminad by Laighton et el,
using & ¢loud ohpmber in g Degnetic field, end by
Daviea et al, uaing sloctron aansitlve macloar emilaions.
The eneTgy spectrum determined by Lelghton et nl, im
ghowm in figero &, It ghoss a asmiinoous dlsteribetion
charsoterietls of the Fermi spectrum, and Shows that
nore than ome, probebly 2 Light neutrpl pertioles are
pmitted sipultaseoualy with tha alectron, The resilts
of Davies et ml, are vary similar to thoss of Leighton
et al., The messurements have boon oxtondod by
0'Ceallaigh and will be descTibod and mera fully dis-
pusspd by him. The decay 15 most Teadlly understoad
in terms of pair-ccupling between the [ o, pY) field
and the slectron, mewtrime fisld: (x4, A% = e, v ).
p.u is a light rsutral perticls similsr to the neutring,
In this schems, all partisles have spin % This L=
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For the intermadliste slements there 18 clearly a
gtrong dependsnse of lifetims of the negative mu-mésch
¢n atonle number. A negatlve mi-meson ®will ba cans
pured into orbits pnd will guickly drop to the maEon
¥ ghall, ths redins of which i3 given E¥:

A = 5 = 2.8 .10 2 (4)

nTet

a0 that for T, A = :..1|:|'1’E' om. and sinee K = *.lﬂ_u G,

the K shall ie ingide the maalouwa.
-13
For &g, a~H =~ 5,10 gm, and the fisld-strength
at the K orbit im

=1
47 = 0 ox Lo 1

E - % 300 « 3.0 ¥ em 5]
5 x :|.-=-'1!';|E

Tho ahertar lifetime of the nogntlve ml-nosons night be

explained in terma of aseslarated dessy prodaced by Shis
ipkorngs olmatris Tiold or by ccmpetiticon between decey nil
puslear oapturs, Under the latlor hypothoais, thes appar-
ant 1lifetime of negative mesons should bo given by

L =1 + 4 [}
= T o

pheTe T 18 the lifetims for spontencous docay and ®

1 the lifetimo for noeloar sapturs,



Fecune 1—A pomerer T= mciod dotiyd il e I & a- [eSI
rare comes b eeil i decddd ke dn elenion

FIes = acgative - masen i3 capbingd by o aucdaus in
Ohe cmubntn xeod pives rw oo 3 dEMEEEsilen “aiar T of
ke biranebes.

Fiovrs g=The clud chamber arfangemicoa of Frafrer [(a)
=g Nrode (@)
Capnigr]



and if a = R,

—‘L:nn.hut'.l: E::-L .nnnt'c-:l:ﬂi [g)
Ta !H-

whickh may be writien

L LBt (%)
Ta T g

where T 18 the decay lifetime, and Iy is the tran-

sition slemsnt for which T, =T . Experimentally,

Z,; da round to be about 10,

Bines, for large muclael the E-orblt lies inszide tha
nueleus, the hydregen-like approximation is no longer
walid. .

Wheelsr has determinad the wWave-funation for mu-
pasans moving in & potantiaml

B
virl = - (&2 (1.5 -0.5:5R%) r<n

2:3
= -5 } for r>HR

porresponding to the charge being unilormly sprosd over
the nueleus. Equation (9) teccmea replaced by

1,3 4
-t-'l: = A Cerr/g)

Zgpe 148 the effective %#. which is smaller than tha
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Such g small cross-section has been interpreted
by Tlonno and Whasler as indipnting a remction of the
Trpa

B 4 F = Hep®

- (1o}

(m, 8% 2 (BN
whers n% is a light neutral pearticls, peired with the
chargad mu=mason in a formal way, a8 in the 8 —deecay
gohema. Again, such a goupling flts most aioply with
the mssignation of spin waltss # %o the a” and pf
particles.

Aegetion (10] in frea sjges should lead to o neatron
reocll energy of & Mo¥W. Iue to the intarnal motion of
tha protons insido p ooplscs howewar, thars will e a
apread ln rescil cmergiss, anl the average 1s about 16
MaV, safficlent to make & manll disintegration,  Bee
pausa af tha Coulomb bareiss rsutrons will be profar-
entially amitiad,

The emission of newtrons following mu-meson caphbure
hos basn obsarsed by Grostzingsr and MeQlurs who found
1.96 4+ .78 nausrons per aagative mi=meson in leed, abd

by Sard who found £.16 « .15 i lead.



Fuiiisil Be=Cowmpaisan of resulls
ol Loah, abixaed weck g lam ion
vhambes, =5h (harerical valiss T
vanous values of a= fesen spn.

Fazume 5

FIEmer o

J o




= Bf =

Rererances (Contirued)

Rosai FB. & ¥erapon, M., 1942, Phys.Eev., 68, £17.
Snkatn, 8. & Inous, T. 1948, Prog.Theor.Phye. 1, 143.
Ticho, H.EK, & Schein, M, 1948, Phys Rev. T3, A1,
Valley, 3.E., & Hoasi, B, 1848 Fhye Hav. T3, 177,
Whoeler , J.Ak., 154%, How Mod . Fhye., 2L, 133.
Williams, £.J. & Flekup, 1938, Mature, 141, 6B4.

Williams, E.J, & Roberts, G.E., 1240, Meture, Lond.
lam, 1oz,

Wilsen, J.G. 1938, Froo.Hoy.Sos, 4 17, S517.



Fitzex 11 Finime cam

Fiausi i%

[ ——— Mot of caypfore prosabsbiy agaurest T4 an oo
logarithmic scale. The siregki boc 13 deesm wiih @
dlepr cqual = 2

Crorypa






- Bl -

THE INTEHAOTION OF OHMRGED COEMIEZ HATE
WITH URARNIDM NOTIEI

W. Caltralth and W.JF. Ehitahouse
Atomie Enargy Bascarch Estnblizsbment, barwell.

Introdustion.

The sxpariment to be deseribed wna desipgoed
originalily to determine whethsr the capture of B
pegative p-meeon by a wrenium ruelegs led o fia-
gion of that nueleus.

br, doarge in n preasdlng paper has discussed
the nuplear interastion of the pegative p-mestn and
mads rafaransa Lo a papar hy Thooler on this subjoat.
In Whaaler's papaer it is poipted cut that in the ocaso
of uranium, fiscion of the oueleus may Tesult from
oapture of the p-neson in ope of twe possible ways.
(L] Tha amergy relaased in tke 25-18 meaon orhit
transition may be sufficilent, even when allowanoe
has bean made for the oritical shape of tho nuclous
just prier to flasien, %o cause flssion of the ouoleus
by & photo-process,

(i1) The ultizgte capturs o the p-<mason visual=
isad in teyms of =0 charse-axchangs reacticn






- 08 =

agineideposs betesen cherged scamie Fava which
pass through a 0.4, telescope of two trays A
and B, and whieh fail to discharge an antil-
poinoidenes tray D, and fission pulaas whish
pre Fecofded in ap loniZation chambar O 2 placed
immsdintely baloew B and phove D, (Gma Figa.
1and 2.) Bach a coincidence avent we shall call
4 B G-D.

e smoant of uPefivn Thich can be put in the
chambar Is limitad. The uranium is depoalted in
%he form of thin layeras of oxide, and the maximam
fractical thickness of such a Llayer to deteot fis-
glon fragmente is about & mgnfem®.  For any thicker
films, the sbsorption of flisaien fragnenta in the
film tocomes scrious amd ne galn in fission pulss
aounting rate would be obtained. In order to work
with gram guantitiss of uranium, tho shanber oas
designod to accommodato 4000 |;||:|:|'E of aranionm Tiln of
£ mga per cm® thicknoss.

Thoe rato of spontansous fission puless ohssrwod
was about 120 per hour and the spontanecas flseion
rate for matural uresnlue ia approzimataly 25 fissicn
par hour per gram (Segre LADE GFE). Thue the affoo-
tiwe mass of uwraniom in the okamber iz 5 gas + about

3%
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Estimntes of the Eptea of othsr possible ABG-D
ovants havo becn mad: apd, with one excaption, the
freaquency of oppurFenss of sach avents 18 smaller
than the baskgreund of ascildsntal coipcidspess,

The sxopption im the expocted rate dus to fast
proton intersetion with the araniue nuelsl. W
obtain somas idep of tha rats to b expected, fTom a
kmealedgs of the proton componont at ssp-lavel, if
we gasums that the arsse-ssaticn for intoraction ia
the goomotrical oeross=ssction of the uranium micleus.
Frotons with momenta in sxeess of 0,76 x 107 ev/e
will penetrate the 3" lead, and the flux of protons
at sem level with momenta greatsr than this is about
0.55 = 10°% per #q.om. per eec. (Mylroi and Wilson,
Hnu.ma..lhr:, A B4, 404, 1951). A rough esloul-
ation of eventes due to fast protons thon gives ¥
svants par 1000 hoars.

in mlternetive mothod of obtalning an ootiomta
of tho number of ‘stare’ cr fissiocos due Lo protons
is bagad on the nusber of stars Tith sharged primarics
produced per s.o. por day in photographic smulsion at
meuttaln altitodes. This rate ls redused to a sea-
lewvel valuwe mand w#& asfume that the persentage of atecs
with charged primaries remalns unaliered. From this
o seletilats that the nusber of Tissions o be expectad
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effizient anti-soincidcnes tray owing to the necos-
sity of mpperts for the cheamber, Wt ite prassnce
was sssential to reduse The background rate of aceil-
dantal adinoidshce pulses below the axpscted rate of
ARC-D colnsildences,

The H.T. feor the counteTs was Supplied by hatter-
ies mnd the output pulses from the irpye wers fed infto
anplifiesrs which sharpensd the Fleing adges of the
pulass befare focding thea into the aclnoldemas uwnit.
(3} The coinmidenco unlt.

The outpuss of the varisoue channels of shis wmlt
were cgally recordad, [sse figure 1| and in practies
dnily meapirencats wore mado of the cates A, B, D,

AE, AHD and AB-D, The rates &, ARG, LEC-D &nd
AB=D were continncusly Tesorded during s zun. The
oparation of the whole apparatus wea oheshod cach day
bty feoding in test pulesss at & knownm fast Tate inte
tho input grid of the © boad anplifier. By noting
that the resulting rato of AR and ABO-D} evonts
corregpondod to tho oxpoated asoidental coilnaidonos
rate, this cheok alap showed that the rosslving timo
af the solmoldondo unit das oot varying,

4} Pulas rocording.

The AH: pulsc wea uwssd to triggor an osclllopscpo
and camers, and o photegraph of the flasion palsas wna
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1H--|;' = N +w , may land &0 ap ezpitaticn of the
nuwaleus Favourable to fissicn, rTather than to neut-
ron amispion. (The emission of meutrons following
p~ meson capfure in lead 18 now well matablished
and underatood ln terms of the axcltation of the
aucleus rollewing the charge exchangs reastion).

In ths cags of uranium prosasse (11) is the nore
probabls one leading to fission, btut Woeeler polnts
out that the rate of F.nmaun—indunhﬂ fisaion at soa-
lovel would be apall gompared with the spontenesds
fiselon rate of ursblus.

Tat cosmic Tays at spa=-lowel do not contriluts
approciably to the epontancous fisaicon rots: wo8
rirst shown by the sarly work of Flerov and Petrzhel

(1940] . Twy obeerved spontanscus flsslon pulses
from filus of orendus oxide in an loaization chenber
at ground Isvel mnd obtained no ehange (within
statistios] in the counting rate when the chanber
was taken telow ground intc the Mosgow Metra.

Tt is mvident that some form of coloeldapce
sxporinent L@ mecessary in order to detect Tisaions
follewing the stopping of charged ocamle Tays by
wranium.

Frasont Experiment: Bstinated BRates.

The exporinsnt sonsists sssentlally of rasardling
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Table 1. [(eontimaed |

Toder 3ft. Conermte

Expect tp.
Total Ob2. | maaid. | Ohe. |apeid.| Expested
houra ARID | ARBOD AB-Ti|ABG-D | AEG-D rote
duos to
g 7
Run (&)
1340 10 ~B 5 wf |87 | 2

At the end of run () an investigation of the
ATCD rate lod us to believe that Lt night be instrument-
al becmuss n source of intartarencs was detsctsd in the
G amplifier noiss lovel from the AE shasmel. This
was aliminated by ceceful earthing and avoidanse of
sarth loops. It was also thought thet it might be due
%o a phower event which was denee enocugh o similate n
Flasion pulss in the iomization chambar.

Tho latter explanation was ehown not ts bo tho
cass by ineluding ao sdditional small tray of 8 asunters,
coupled altornatoly, fmmediptoly below the chanber (sos
flg. B) and locking for a simultansous discharge of &
palr of thess counters in eoincidensas with an ARCD
ovent., In & further rom Table 1 (h] B AECD eventa

were rocorded , nons of Which maréa in coincidenae with
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& caloalation of the expected Tate of p-mescn
abscrption in this mpes of uwranicnm 16 btased on the
axperimental data of Kfnlg (Phys.BEav, 63, 890, 1543).
He found that 30.8 gofem® or lead was effeative in
atopping 1%,0f the meson beam passing through 1 am®,
and, 1T wo assums & similoe :'b-.!ﬂl‘]::.'i.ﬂ_ll:l. takas ploce in
aranium, the mean rate of possons stopping In the
uranium 15 approzimately 0.035 per heur. This w11l
be the rates of A B 0-0 colnsidensos o the pasumption
thet spch atopped p mescn produces flcolon.  In
this eatimntion, the wolus of the mescn Flux theowsh
the ahafbar 18 that Beesmized hor the GH. talesoops
(0,75 particles pal Sq.08. §RF ninatal,

The pwverage rardom aceidental rase AHI-D, oal-
culated rrom the nmeaparod AD-T rato [350 per minuta)
the 0 rate (120 per hour) end the =ooolving time
i1 B #8n.) is mppraximaislor O, 0014 !'IE.'E' hioET .

Thera pre othar pocsible eourasd of avanks
ABG-D, the nost lpportent Laing dun to the emisalon
of f rays at the instant of flsclon of uranium macled,
whiah aould b8 similtareously detasted in traye L and
B, |!|.I].ﬂ not In DI, St erllielency of detecticn of &
ang B to thaea ;"'ra.';n e Boasurad nPﬂ 3" of lead
wara Insgertad Betwoon & and 2. o this way the
r detaction arfiofanc; 2f L wng Anls asgligihly

small.
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In the lapboramtory, 5 ABO-0 events Sere rescrded
in 13490 hours, during which thers wera, in all, 15
AH mwonta. The axpected acoidental rates would e
2 ARE-D nnd 10 AFD) during this time.

It will te soen thet, undear the conerets, tha
AF-D rate has been slgniricantly reduced, wharoas
if the cvanta in tho trailer wore to bo attrlbatod o
i “posons we should pot exXpost eny moapurablo chanes
undor the sanarato.

Tha=e 1& no measirabls AFOD rate above accidantal

Background under the a¢harotd.

Conclunions:
Tho rosults of tho oxporimsnt give no posdtive

avidoneo for the interastion of the P momen, lompding
to rission, with uraniun paalol. The stetistice ara
8o poor, howower, that the results are cobalatont with
an upper 1imit of 0.3 for the probabllity of & captured

B “mescn giving rise to fisslon. Tho results oould
ati1l b complstont Lf me attrituted the obaorvod Tate
undar sonarcis to protons.

It may be that the chargp-exchangs Feacstion ba-

tween the B “meaon and the uwranivm ricleus leads to
pautron emisglon in o lapge jroportion of cases, bub

@ #earah for these nautrons in an expeciment along the
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in the uranivs fiims is about & 1n 1000 hours,
This agrecs satisfactorily @ith the peavTicuE oob-

siderations.

Apparatus:
{1] Tenizaticn chambaf snd essociated amplifiers.

Elmstrer aollection was essaptisl in order to
work with a resgolving tims of 1 p Bec in the aoln-
pidennss sirpuita, COonsequently the gas fillleg oas
argon &t & pressurs slightly above atmospheric and 1
pas contimuoualy purlfisd by conweetlon Tloo over hot
aaloium. [The ganaral arcengensnts of the parifying
gystem will be geen in Figare 3]. The heed and maln
amplifisr wers of sonventlomal dosiga, @ith papsr dizl=
gptris oondensers replacing sll eléotrolytics. Thia
modifiontien lomersed the spurious poloe background of
the pmplifisr.

(2} G.M. Trays.

L consigted of 1% bress counters glving an erfaet-
ive mrem 4900 em® and B ocomzisted of 15 glass counters
of ares mpproximately 2900 ex®. 0 occpriesd 19 trass
pounters, togothar with 3 bazks of 3 counters each,
around the peeoessitle aiden of the chambar, In each
tray the counters wera coinastod in parallel with one
anothsr. It wpa act possible o eake 0 a4 highly
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btoam of koomn acmpoaition from & eyelotron, and

leak for a moson trask onding in an asymmotrical
fisalan tresk. Sush an cxperimont oould require
vary aareful sontroel experinanta especimlly in regeed
te & Mrther investigation of the fission track
pharasteristics of M induced fimaiona, in order to
obtein any quentative reegulte for the P mosons.

Flg. 1. Hleak dlagram of apparatus for CE-Fission
axporimont,

Fig. 2. Fhotograph showing arrangessnt of G M,
trays and fission ahkarber inaide the
trailsr. Shomer tray is seen below the
risslon ohamber,

Fig. 3, Fhotograph showing othsr view of apparatua,
tneluding purifier aystam on ionization
ahanbRT .,
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taken. Gimiltamecuely a clock was illuningted
g0 that the tims was rescrded. EBmminetion of
the pen recorder oharts together with thea osecil-
lascape camora record, showed that the pulse ob=
taingd wWes ganuine amd not spurious,

The wholes appereftus wWas cparated from a mop-
erpte motor goneretor supply and 8o was lndapond-
ant of maine surgeoa.

Resulta: The appatatus was first set up in & treil-
ar with & thin metal reof. The resulte of two runs

are given in Table 1.

Table 1: Jhaarrmilons with Uraniunm Folls.

‘Trailer
Erxpoct = Expoctad
Total Ubs. | Acedd. | Oba. ﬁiﬂ . J.E-ﬂ rate
Hours ARCD | AR ARC=D| ABD-D | dus t&
B B
Run (m) 720 18 | =& 11 w @ | =BE |
Bun (b) 480 & | =4 G w1 | =15 | wed
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dissharges ia the shotuez tray.

When we sonsider the instrasmental affest D= ace
satiafisd that on the average no more than oo AEI-D
palss out of tha 11 obscrvod in runie] might heve been
dus %o this offoet and as wo feol justified in inglud-
ing tho rosulta of this first run In Table 1.

Tho beckground rats of aseidcntnl goinoidence wea
seapured by romoving the chamber from undar the B
tray and placing it phout £ potros away Lrom tho OUM,
trRys. In such background runs totplling gE0 houra
& AF0 and £ ABG-D colngidcnzes voFe recorded. Those
ratas pegros with the paloulatnod Tatos of & and & Tas-
peetivaly.

Ap 8 farther control experiment, the vrpnbius films
wers preplaced with thim (0.002") lesd folls, and T1th
the chasber under the B tray onee maTe, no LHG-2 pvnnte
were recordsd in 4%0 hours,

I+ was avident that the AFC-D rate night, as pre-
vicualy discussed, be explaiped; in part, by the intar-
patlon of the sen-level proton somponént with ths uwr=
anium snd gings it wpas impraste’le to add any ahacr bar
abowe the apparatus in the trailer the apraTaius Was
aat up again in a 1atoratoery with a songrete roof boral H
thiak. Suoh a thicknéss of coRerote wma pxpoctad to
attenuate the proton ccmposent by a feotor of 4-8.



THE

= LOE =

INTERFROTATION OF T INTENSITY-OEFTH
CHRVE WE THZ CO0SMI0 RADIATION

J.0. Barton

{Birkbeck Ocllegs, University of London)

Introdustion

4 considerable nurber of obpervations hawve been
made of the intensity of the cosmic radiation et ver-
ious deptha balow the surface of the earth. Bavaral
puthore have anslyeed these resylts in order to obtaln
information on tha interaction of sosmis ray particlea
of very high ensrgy. The purpose of the pressnt paper
in %o review the work which has besn dome Fecently 1o
this direction, to carry cut saleculations based on mors
resent date amd to indicate why different muthors have

arrivod at diffarent soheluaicns.

Tho Experimental Resalta.
Mogt of the earlier Pesults wero obtained with

ionizatisn akembors aod, becauss of the affests of

1opal redioackivity, mre no longer acasldersd satls-
fastory. The various mogsurements which have been

made using counter eystems have been summarissd by
Evane (1951} and, after pormalizetion, plotied oo a
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lines of SBard et al (Fhys.Rev. 76, 1134) would be
rondarad impossibles by the rolatively high besk-
ground reate of noulrons grittad in apontanafus fls-
sion. It 13 not possible to distinguish by gach
ap expariment thosd nautoRa cmitted by & macleus
following P meson capturo and those omittad in
fiaalon.

Thy slogd okashor hes the sams dlsadveantage A8
tho iopization chamber, wheno W3 ponsidor the 2imit-
aticn to the amount of uranium that oan e lneoTpor-
mtad.

There 18 an experiment wihich might be poasibla
ueing photographic plates. The Barkeley groul
(UCEL 1501) bme investigated # meson induced rfisaion
{n uranius and it is found that, withia the statlietlos,
eapture of a W meson by & wranium nuoleas lasde In
TALY cAasa Lo symmetrical fissicn of the rugleua 1.4.
the tracks of the two frogments shich end in tha am-
alslon are of the same lemgth. | meson capture on
the other hand doss not lead oA highly sxcited Bue-
lgus, and if flssion did rfollew from capture ¢f Soma
of the } mesons, we should oxpest apymmatrioal split-
ting of the nuelous. Hara the longths of tracka would
te roughly in tha ratle 1.4:1. The experimont would

be tham, b0 axpooe yraninm scaked nlates to A maS0R
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down to a ninimn of sbeut 109 et & fow mires bolew tho
sigFfacs and then alowly incremess to about Nﬂat 1000
H.W.&. It is saen that neither correation la very
important oomparead with the decrease in the vertical
intensity by a fastor of one bundred thousand. The
finpl surve may e normalized to the known absolute
vartical intenslity of the hard somponent at sea leval,

Direat Comparison with Differsntisl Spectra.

By differentiating the sorrected and normaliszed
intenoity-depth curve it 1ls possible to obtain the
mbaolute Aifferential rangs spestrum for the herd com-
poment. This is shown se the full line in Flgure 2.

The differential spoctrum of JL-BEscns has haen
detarmined by Georee and EZvpna (1950) by momsuring
thie number which gans &6 roat in photogrephio emal-
sions cxposetd mt ALifferent depths underground.

These measuremonts have booh oxtanded by Oroamor
(1951} , who hag alse detormined the ecrractions
nopeasary to obtnln the abeclute diffetentlel in-
tensity. It 18 soon from Figare 2 that the two
soke of momsurcmonts are ln c¥ecllont agrocoment,
which skowe thet at loapt the large majority of
the particles st thosc dopths must be A-mosdls.
The diffecentinl momentun spectium et sea lawvel

has besn messursd by Carc et al, (1851}, Thesa
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of 1he mesane at their point of produstion. The
Tirst stage of she caleulation is then te find the
momentum apaotrum of mesons st sea level, whish can

than be converted to ab integral range spectrum.
Tha main difffeulty in the caloulaticn is that the

W=moaon may interact with ome of the nuclei in the

alr before it can decay into a p-nmeson.

The pesuoptions which have to be made are as

Tollows:
11

2}

3l

4)

The atmosphere is “cxponantial’', of thickness
1,000 gn/on® and the "height of the honogensous

ptnosphera' is & Km.
411 processss are eollimated in direstlon:  thie

should be true at such high energlas.

Tha primariss casosds 1n & manner similar to that
given ty Heitler and Jdnosay (1949] so thet their
pnergy spectrum i the same throughout the atmos-
phare, Ths attemwation length ia taken to be
126 gofem®, but caleulations for a length of

30 gmfem®, corresponding to the cmss of heavy
primariesz, have shown that the results ars

quite insensitive to the exect valus used.

' =B
The reat lifetime of the Me=moson is 2,5 x 10

seconds mnd thet of the p-meson 18 2,15 x 1072

saaonda.
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(Le95L), might make m sonsidesapbls diffarsace %o
the romsulta, bt their existence has not et
bocn cotrblishad.

It iz etmvenient o divide the HomemTum Tangs into
twt regiena. For momente telow about 10 Ga¥/o the
lifetime of the T -nescns is 8o short thet the probabll-
ity of their intoracting befors they decay 1in%o p-maeins
can be neglected. Then the intensity of p-mescns with

momantum F oat sea level is givean by

1000
1 L4 F
HIP)AF = g.5 { 125—} { 1 [P""E El.l-luﬂu:l"‘l:l ﬁjs]
Zmb

a_ - —I-IEI’!_."'
X

Pz Tooo 1l:u:|-;}
mhers 2 13 tha depth im grams below the top of the
gtiosphare. The thres terms of the integrend ara,
rospaatively, the number of primary lnterac tiona ,
the dirrersntial meson intensity at that poink and
tha probability of A Dsacn produsad at = raaching
gea level without decaying; the third tarm 1=
given, for exsnple, in Jhmossy [1948].

For pomenta greatar than 10 GeV/fe the probability
of the u-neson decaying is very spall end it is alao
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single graph, whlch 1s reproduced narTs as Figura 1,
(Mote that all the depths are incressed by L0 metres
so that sea level may be inaludsd on a logarithmis
plok ). The experinentel conditlona were particular-
1y eatiafpetory for the sessurements of V.0. Wilscn
(1938] down to a depth af 1100 m.w.6. In this rog=
ion the other results seem to be in ressonably good
agresmont with those of Wilson and may be rogarded as
ponfirning them,  Wilson's point et 1400 m.W.o. Wap
obtained by inolining tha tealescope, Which does not
neceesprily give an equivelsnt result, as will D6
arplained later. Unfortunately there has not yet
been any independsnt confirmaticn of Miyazaki's

laportant measuremant at 3000 m.w.e.
Mopsurements with 8 counter telaseops are straight-
forward and only tws emall garrectiond are necessary.

Firstly, the angular distribtuticn of the radistion be-
aomaE Hore stromgly collimated at greater depthe; It
changes from o -a-uE g distributicn near the surlace
to m cos® & ome &t about 1700 m.w.e. This affeat
hag to be teken into account when sonverting readings
abtained with & ecanter telesssops of Cinife galid
angle to the absclute vertieal intensity.  Becondly
the propartion of soft radlstion in eguilibrium with
the hard ccmpenent depends on the energy of the par-
tizles; this proportlon docreasss from san laval
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la the seme ma that of the primariss, the resulting
partial differential equation can be integratsd
dlrently. For other valuae of the interaoticn Lemgth
tke method breaks down and, although 1t might be
poasible to solwe the squetion by mepbs of soma fype
of integral transfors, the method glwen above Sesms
mora direct.

The expreasions given hava tean evaluptad for
varicus values of F and the resulting differential
minanta speatra have been plotted in Figura 3, Two
apectra are shewn for the p-mesons, the upper being
the case when the r-messns do noet lntersst and the
lowar one when thay have o noclear gecmetrie inters
antlon. In the rformar opss thers is nles on apprec=
labtle nunmbter of T-neRacna At the higher momanta;
thage would not be disbingulshed from the p-messne so
the total intansity 18 alse plotted. Tha dottad
line showa the affect of ignoring the deony of the
p-mgstna. The sxperimental points of Caro ot ml.
(1851} are seen to 1is an She curwss but 1t Is not
pogsible to dlstinguish betwsen the twe possibilities
for the T -mesdn interastion.

Conversion %o Intogral Hange Specira.
This finml stage of the caloulption requires an

edditlonal rasuzption somsearming the Pats of cosrgy
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results are ralative values and have besc maltiplisd
by an arbitrary factor to give ths detted line of
Figure 2. In sonverting from p momentum speetrum to
& rangs epectoum 1t has boon mesumsd that tha cnergy
loes of mesons underground was 2.8 Me¥/gm., The
mgrcement obtainod is resmsosatlo, but the moasule-
monts are pot sufficiently precise to show whetbar
thie assomesd ocmargy lasR 1s cofract. Anourate mogos=
uronents of tho spostrum at highoer momonta will ba
perticalarly ussful for resclving this gquostion.

Theoretical ANAlysis.

In this ssotion a metksd of saloulating the in-
tenaity aurve will bte cutlined and the ODeceSSaATY 4880m-
pEions lipted., It will ba shose subseguently that
the nunerical results ¢btaiced do oot confliot with
thos obtalned by previous workars.

The bneio prooess whleh the aonlysis has to das-
oFibe 1s that of & primary cosmis ray partiole inter-
mating in the atmosphere %o produce a We-meson, whiok
then decays into m g -mescn, In pringiple 1t would
be posalble to atert the celeulstion from the snergy
speetrom of the cosmic ray prlmsries but at present
thia method 18 unsatisfestory, becauss thore 18 no
eatablighad thoory of moscon peodustion. Inntoad 1t

sgams bettes be sscume Advestly the afeiuiuE epactrum
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=8
Eramesirahlung 1.0 x 10
=t
Falr Produsticm 1.6 x 10
=5
Nualanr Events 0.5 x 10 or, theoretically,

8.0 x 10rl [farelld
mid Wateghin].

The final expressicn for the enecgy losa i therefate

Fonatrating Paira 2.0 % J_IJ_E'

AEfix & - (2.2 + 6.0 x 10°% £) Me¥/gn, with E in MaV.
Sincs thers may well be other affests at wery high enarging
tha sesond term in this expressisn is 1ikely, i anything,
o b& an undarestinpte. The expressicn is iotegreted to
giva tha depandsncs of Fanga on anargy.

The momanta speotra have been convertoed info renge
spactra With and without allewing for the additlonsl energy
loss. Arter integration the results bave besn plotisd in
Flgura 4, which alan shows the corrected expericental

pointe.

Disrussicn of the Thacsretieal Results.

At rirst sight Flgare 4 appearse to give strong Byi-
dsnee ror the assumption that Tr-mesons of high enerey
4o not interact stropgly with nueles. Tho sane cons

slusion wes Teached by Garalli and Watsghin (1950] using

& slightly dirfersnt methed of galanlation.  Hevertheless

thare 1§ cconalderabls deubt as o the wplidity af thia

songluslon. The shaps of the caloulated curve depands

aritically of the farm of the momentum gpactran at the
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5] The momentum of the ML -meSon 16 always &.8
of the nomentum of the T -mescn produsing 1t.

&) The momentum spectrum of the TW-mssons at the
point of production ia given by

di = iFr F in 0a¥/e

ip+0.8)3

This mgrees with the measurements of Camerinl et
al. (1880} for mements up to abput 1 GeV/ie, but
its extsmelon to =ach bigher moments i8 an as-
pumption which will be Teconsldersd later.

7y Either the N-posons are not absorbed or eles
they hawe & catastirophle absorpilon length of
] m,.l"ums. Theso represent the tes extreoe
posslbilities; o latier ocne 1s knowd %0 ba
true st low pomentes but the Heitler theory of
maache Buggests thal Ttho aDoes geatlion fmlla
of f inversely with the nomantunm.

@) The sffects due to tho presence of other Typas
af meson sre ignorod, slnea the lifetimes of
tho K -cosons and Vepariielos pre theught to

be very short. It may be cotod also thatb

8] rafers to the spzotrun of the T -mescns

and is indapendent of azy short iotormediate
iink. The frogeent socurrense of stable

peatral ¥ -meoome oo mggesto! T Sayakawa
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praduntion and nt ses Lewal, bt it will be 2irfisalt

t3 sxtand thess Daperuremsnis 10 MOMEAte muah aDowe ].'E'l.l

eV =,

Additional Evidence on the Interastion of W -Mesons.

In view of tha above difficulfties in interpreting

the Intepslty depth carve 1% ls worth ocnsldering othar

ways of obtpining information on the W-mastn intaraot-

lon.

1)

2)

Thrae mathods have basn suggeetaed:

Ir the W -mescns 4o not interact strongly thees
aboeld be en appreciable numbar of them undar=
ground, ma cab be seen io Flgure 3, It would
howaver be Aiffisult to distinguish them exper-
imentally, particularly becadss of the backgrouhd
of lowally producsd Wepeoons.
Inparier [194%) bas shown that the intersction of
fr-mpacns leads to a correlation batwesn maEIT
iptensity and upper alr temparatura. Maganuff
{1951}, werking at a depth of 60 m.W.8. hgs ob-
tpined & similar effect which ghould fheow light
on the intersction of W-mesons with an avazags
apargy of about 2 % :I.I'.'ll':]l a¥, TUnrortunataly Lthe
data on the tenperaturs distritution and variat-
fen in the upper atmospharsa is not suffisiently
pomplets %o mllow any definite ronolugiona ta
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possitla to assums that z=0 in tha second tern

af the atove integral without introduging any
appreciabla error, On the other hand the possib-=
11i%y of she TW-meson interacting sust now bo con-
gidered. Ir the M-mason is produced at a depth
= and decays at a depth 2', we have to salsulate
tha sompound probabllity of the TW-meson neither
intaraoting nor decaying between = apnd =', phd Shen
degaying in dz". In this way the intenaity of
Jp-masons at sea level 18 found to be

1 44F oy
(P} 4F = 0.8 1
o.g (PtE.E+0.8]
1000 LO0d
o I E =Tl ]
Z'-z n
X I £ t!'--] A
185 L¥ = nt
zel A
Hm .
Whera n = L - i i Ly = intaraction
T4 (P+E2.2) F length of - -Heaons.

A Tather similer expression can be used for the in-
tenaity of M =poaoos at 8ea lavel.

A alternative method of salsulation, which was
firet ueed by Greoisen (1949), iz to set up & diffusion
gquation for the T -gmesons in the atmosphore. Fro-

vided that tha interactisn lemgth of the T -nosons



= 11% =

goparate masTrement of the intensity depth ourve should

grnahls thia to be done.

Anknowledgmant.
I am indebted to Dr, E.F, Oeorge for many valuabla

gigsussions during the sourse of this work.



= 114 -

loss of fast meaons. The expressicn

4E/flx = - 2.2 MeW/gm

18 belisved to be gorrect for momenta up to mbout 10
0aV/o, although thers is some doubft as o the axact
rumerionl value. Mores ipportent is the gquastion of
additicnal cesrgy logses st Ligher momenta. It is
approximately true that theas losses increass linearly

wikth the snacgy ev that tho aodifisd oxprossicn for

tha energy loss ia AEfdx = = 8.8 - wE. Tho mddit-

{onal torm ponsists of eevorel compononts, whiah pra
gither givea thoorotleally oF glsa may be dotormingd

axparimentally. The effecta dus Lo Dramsstrohlung and

pair production rollow dirastly rTom guantum clooro-
gynanios and have been calgulated by Hayakawn mbd
Tomomagn (1949). Hathor loss gartalln arc the nuoloar
affeeta duo to the Coulonb cherge of The masth; tha
sheoratical astimate of Garelli and Walaghin (Lamcl,
pasad on the theory of Gpaddon and Touschek {1ad4q], is
sonsidesably geeeter than thet deduced experimentally by
Oeorge (1951] from studies af the muclesr interaobtlons.
Gaorge has pointed oot that ths prassnce af panatraking
paire underground repressnts o gonsideratls energy loas
and this may explain the dlscrapaady. Ths variouse som=

penenta of b are thuai-
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point of production (assumption &), whish rests either
on extrapolation from an antiraly different aneTgy reg-
ian or alse, in the case of Garelli and Hataghin, on &
particular theery of meson produation for which there

is no erparinental sonfironticn. The axtent of the
depandenas on this assumption oan bA Gecn rrom the fack
that ohenging the exponent in the momsntum spactrum froém
-3.0 to =2.7 brings the curve for stroagly interasting

T -mossns ints agreamant With the experinsnbal :ruu.Ltu..
The pessibility that the inareasing slope of the intanaity)
dapth aould be explained 1o Terme of ths WT-masan intar-
aotien was first pointed out by Oroimen (1448). Tha
latter auther ignored the pdditional anergy lose of the
fagt Ju-Ma5ane. Hayakaws mad Tomonags (145} resabed
the gopelusion that the 77 -mesdh interaction waa findte
wiat less than geometrle; Shey upgad ap early walus for
tha lifetime of the T-noson gnd probebly phderastimatod
the term for the additicnal enoTEY o8,

Qlearly it ia not poasitls to aa% dawn any definita

aonaluaicns at the pressnt tima. Indagd it 1s unraasdl-

axpact to be abla 1o dofuse from ong set of 8-
tinat procosesd;

abls T2
perimentel deta iproraation on thres dia

the produotion spacitTusm, the T-nessn interesiidn and the

J-TaEon anRTEY Lo88. Tamally, direat psaFursnants

goald be mede of the mamenium ppaatram o the point of
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& LIQUID BOINTILIATION DETECTOR OF T4RCGE ARES
PR EIFERIMENTS OF DELAYED PLRTIDLES
IN EITENEIVE AR SHOWERS

7. ¥, Jalley
Atomic Erergy Besesrch Establishbment, Harwell

Introduction,

It waa carly romlized that, in o study of deleyed
particles in the extensive alr shomers, a liquid scins-
tillation pounter would offer definite sdvantegea over
the use of Gelger counter tubes as hitherto emploved,
Thero mre three mein edvantages:i= (1] High epeed and
short delay.,  With the ssintillaticn detester it is
possible to mépsure time dolays down Bo e 107% aea, ,
with confidenss that dalayed apurices pulass do noet
arisa in the ssintillation modium.  (i1) Avoildence
of datactor parmlysisc- With Golger acunbar trays
tharo is alueys an uncortainty, in exporiments of
thiz naturs, as to tho effoetive area of the tray
Tor l:-hli:"i"illﬂ dalayed evente, since an unknosn num=
har of countars will bave besn discharged hy the
prompt slestrons, With the seintillptor there 13
virtunlly no paralysis, and the rapid rectwery is’
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ba Adrawm.

a) Haynkawa (1961) has pointed out that the problem
could be aettled by a mepsuresent of bhe apgelsry
distributicn at o lerge encugh depth underground,
Buppoae the wertical intensity underground ia
given by 1I(3,0) = AZ™ , them it is puskomary
to Write

I{z,%) = Iiz.sec 8,0] = &2 cos’® o I(z,0)c0s¥e

This srgunent bresks dewn if the T -moeecns inters-
gct, ma it ia then no longer trum that I(z,8) =
= Iiz.aee @,8): this Aifrference 26cUTE HEGALAR
tha path of the Tl-meson lies in a less densc pert
af the ptmogphers for the lnelined direction.
Hense the angulsr distribution 18 less aharply
eollimpted if ths T -mossas intoract. Tor a
surrislently high energy it is found thet tha
pxpanent of the anguler disteibution ahould b
ome less than the expoaant of the intenaity depth
oUETE .

Orly ome 88t of obsarvations has bean made af an
adequate depth. Bollinger (1991) kas found that the
exponant of the asguler distribaticon at 2,700 now.e.
is 3.04 + 0,13, and thet of the intensity depth curve
3.50 + 0,30, The results pre thes not surlieisntly

aocurate to detarmine this gquestios. *though a Dore
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of an B.M. k. 1l-atege phofSomultiplier tube Type

5311 opereted st 8 EV. The lergs auxiliary vesssal
ghown in figure 1 serves to take up the considerable
tharmal expansion of the 1% litres of solution and to
provide a emall heed of pressure on the gaaket, pro-
vonting air hubbles from crecping in.

Thors are two cubput chammols from the hoad amp-
1iffer: (1} a =low shannol, sapable of gulso riso-
tims of the ordor of 1 A-ser., foodo & diseriminatar
and ono channol of o triple coinoidoneo unit, the other
two chamnela of whioh are fed from Geiger sounter trays
smch of ares 560 em®, These and the scintillation de-
tector are situated on a flat rood LOO feat from Ghe
reat af the ppperatus and are mrranged at the apemaes
of p equilateral trimngle of sldes [ metras. The
cutput of the colocidense unit 1s used to fire a
triggered recording cacillosccpo, I;I.!,.j & fast channeol ,
which foeda the deflection pletes of the osaillosoopa
via & delay cable and & low galn amplifier of the
distrituted-1ine types, ¥ith a response up to 100 Mo fees.

Eegsurements of ETfriciency.
The effisieney of the deteebor was mepsured in a
triple eoincidence arvangement shown in figure Els)

in whick the incident cosmic=rar particles at sea=
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Firally, the efficicncy of the desector at the
adges of the container, for wertically incident par-
ticleas, was measured, by replacing the frays A &nd
3 by tet =oall single countars,  Values for the
arfisiensy, obtalned in the =ame ®Way pe befors, wora
(Bl % &)/ mnd (91 4 7)%, nt £he two bina levels
of 12.5 and 5 volte respeotively, eorreaponding to
single ratea in the detector of 1,100/min. and 2,400/

min,

Besulta of Froliminary Exparimants,
A brisf sumapry follows describing rosults of

som praliminery oxperimente carried out in ssarab of
dolayod partisles in the time-delay Tegicn of 0.5 -
&3 Il-auu-:mﬂu. A dotoctir simlilar to the abovo was
uaed tut of emnller dimensicns (400 o aros and dopth
9 omal in gonjunation with the pir=shower selootor do-
seribed abowo., On 5057 reccrdinge, ocarried cut over
458 hours, thero woro chaorved 1l dolayed particloas
on ths tims bpoe . The time-bpse duration was somp-
times shanged betooen runa, on threc rans 1% wae 40

preeas, on one 6 pesocs, and on tho Tomsining
rfiwa rans, 4.5 ].l-un:nr.ﬂ.s. Tha "avorago "ratic of obsor-
vod/oasual rates was 35/1; tho oleveh o¥onts are thoro-

fore assamed to ba gonaine deleryed evonts Trom which
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used to best advantsgs when the delayed and mFomnt
avents are obeerved from cme and the seme detector,

thus eliminating all possible alectronice delaws.

(111} Low teckground rates, It 1s possible with a
seintillption dotoctor, by vsing sarficient depth of tha
apintillation o & -, t0 diserimingto hotmoen the relet-
1valy low—cmorgy o¥ohba dies ko loeml redioactivity and
the highsr cxporditurcs of CchOrgy 1n eosmic-Fay iracks;
this resalts in o much improved ratio for the wAarul
atanting rate relative to background, over that possible

with a aountar tray.

The detestoer in fte preasssl fern.

In flgare 1 iz chown m diagsam of the essantial
Teatures of the dotacior. Thé tepss oylindzicml con=
talper, of araa 1000 emt mad daptk 15 amn. (correspond-
ing to 23 Ma¥ spent by & vortieally inoldent relativ-
iatie particle), wma optieslly polishod pnd silver-
plated on the inaide. Tho container was rfilled with
a soluticn of para=-torpbernyl inm pure boenzcooo laf *"Rnalar”
guality], 2 gna/litre, and soaled by m glass plate X*
thisk, using & polythanc gesket X" in diemotor. Dotaila
af the gaskot mco shoon insot in figeo 1. Tho light,
o¢llaatad In a dotenheiala aluatnfum ccho sootad with
rrosh magnesium oxide pewder, falls on T8 phoiseathods
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UNIBRGR UMD EXTENEIVE OHMERD

J.9. Bturgeaa

Birkteck Gollegs, University of London

The sxlstenss of axtensive ghowers of penetrat-
ing partisles underground is raparted., They have
bean recorded ovar s ssparatico of 120 metros at a
dapth of 60 metres water squivelent. Threelold
aventa be explainod as dua to tho BEakd acoponont
of crtopalvn showors of primery energy groator than 1014
a¥., Tweofold ovents sre much mora fTequent than axpeat-
ad Tfrom air ahowers and may be explained by the local
produstion of penstrating pairs of partielas,

1. Intraduetion,
For the paat thres yeara, ehscrvatlicne have bean

made of poincidences betwesn widely separated traya of
aounters at & dapth of 60 m. water ogquivalent et Holborn
Station. Exsept rfor their underground location, thesa
peansuremants are similar to those mede on extensive ailr
ghowars by Auger and Maze (1938], CGocconi, Loverds and
Tongiorgl (1946, &, b) and MeCuaker (1850},

Tha apparatus consists of tkres banks of obantera,

gach aof aram 3000 m:-z and each bank sonsliste of thrae

plogely packod trays af spuntors, Cifteen in enoh TEAY.

Tha throo tfay¥s aroc arrangsd tn threefold polnsidonca.
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lavel (predcminantly p-mun:u}l wore soloactod by

the two Gelger trays A and O betwean which She
sointillaticn detestar B was situmted., The raillo
af the soinsidepses [(AFC/AD) was mepsured at verious
dlseriminator bias voltagss. The Tesulting biss
surye, shown in figore 2(b), reveals that the datastor
has an efficieney in tho centrel Teglon of the oom-
taipar of (98 & 2) %, owar a rangs of O to 18 volta
on the particulsr bias ssalc, Thia porrospende %o
a rango of from > 10%/min, to 900/min. for the count-
ing rete of the seintillater alonc, AS ahown in fig-
ura Lial.

Thus, if tho dotester is run at & bias of say 10
volis, half-way nlong tho platdan, the ainglo Tato 1l
enly 1200/ain. With this ecunting rato thare 1s than
a probebility that 1 in 5 x 10% timo-bese swospa (of
duration 1 F-un.b will scmtain o casual pulse whioh
might bo mistoken fOF o genalne delayed avank.

{Thism pulss would be in additlon %o coe always present
near %he start of sash swesp).

Fnder these operating conditions the counsing
rate dus to radicaotive background was - 0,17 of that
dus o posmic Teys while, for & Oslgsr tray of the
apme area, the sorresponding flgure mas 2.2 & TAanRoY
pf 12 in favour of the ssintlllator.
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The mret ressonable assumption is that the underground
ahowars ara the remalns &F oxtoneive ponetrating showeras
after the soft and puwsleon aszpsnanta have boon absorbed
in the carth shove. #o shell pssumo thet the particles
glwing rise to the avents are =u mesdns.

Om this besis, it is of interest to compars tha
obssrvatlons with those of Helusker and Millar {1551}
uaing heavily ahielded trays at ses level and with
fGreimon et sl (19EL) uwaing threefeld solncidences at

1600 n. Entar sgulwelent.
Tha sctual values obtrinad are glven in Colamm 4

of Table 2.
Table 2
{baprvers|Dapth hirem of 15&1’-9 4 or rap tad k
R.¥.%, |Trays on? | day=d .%ata day~1

Maluakar -

& Millmr. J10[&.L j) 1750 2.8 4.8 G758
Birkbask | 80 000 0,44 0. a4 o.1%
Graisan
at al 1800 Fonu 0,01z O 0d03s 0. 00as

For acaparison the rates have all been reduced to n
ptandard ares of 2000 eu® apeuming the dependence on aren
¥
te b proportlonsd to & withy = 1.5 (Coseonrd,
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1% 18 deduccd that the uppes limit to the Ifrastion

of triple coipoldences whish have gasocliated daleyed
particles within the ssimtillation gatector i 0.8 ¥
for delays grogter them 0.6 p-secs, and for showers
of nverags denaity Efuhptrna. This rasalt 18 ot
imsopsistont with the firdings of MoCusker (Hature L84,
400 [1850)) and of Mezzsttl &t sl (Phys.Rev. &1, 429,

19817,
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decrease much Leas rapiély than the totel radiation,
This would suggeat that the mescn spectrum for primarics
af anargy greater than lﬂl* gV ig flatter than the mean
spactrum. The snergy of the primary may bs aaloulated
roughly tecause an event covering 100 m. will bs part

of & shower of eree mt lemat 10°m%. To te recordsd im
a tray of area 3000 om” thers mist be at lasst 3 partic-
las por square motra. The minimim anefgy reguired hr
& pertisle %o roach a dopth of &0 . water equivalsnt is
about ].'l‘-"zl"::| ¥, Bo that tha total cnergy of the ponetrat-
ing pariiclea of the showoer muat be groster thas .'.-1lIII:"'i
av.

An altornative explasation is that the partlicles aro
loeally preduced. Hewever, at 60 m, water ocgquiwvelont £ho
apparatus is undor 30 m. of oarth, At 120 m. soperation;
gpoondarics of enorgy groater thmb lﬂl'u e wmould heve o
be omitted mt anglos grester them 80%,  This has not
beer obssr¥od. Grelssn in his work at 1600 B, wator
aguivaleant scloctod only thoso peztiecles which ware
pargllel uhich would prohibit Local production
(11} TROFOLDS.

The results obtaimed in Halborn afe glven in Tabklas
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particles the ratio of thresfold to tworcld events is

ot S F o2
sxal -3f -3

O3
fallawing Ise and Frettes (1949). This function in plotted
for various valuss of y in Figmre 2, For ) = 1.5,
Opf03 18 approximately 3.  But in the underground events
0y/Cy = T.6/0.44 = 20, This would correspond to & valus
af §F ¢ 1.9, Howaver., the cufve is tending rapidly to
infinity here at m singularity., This Tegion QOrTE Epand s
¥ low walues of the density where the Cocooni spoctrum has
not been checked exrperinentally snd the walidity of the
ratio should be treatsd with resecve

The local profustion of penedrsting pai¥s & particles
bas been agtablished by several wirkers (Braddick and Hemshy
[1930] ; Breddick, Hash and Wolremdale (1951); George and
Trant (195110, It ia 1iksly that the high rate of two-
folds can bes explainod by this meohanism. This will be
mare tally discusesd by Dr. Jeotgs in his paper om tho

intergotions of mu-mosons.
Gonfirmation of tho abaormslly high ratis of tee-
folds to throefolds may bo shteinsd from the roesalts of

Graiser et ml., {1951] whoro at € =. separation

Sg , S22 4.
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B. Aesulta

Threafold apd twofold coincidences ware ra-
aorded betwesn the countor benks at werious goparsl-
ions. Thess may be dealt with sepoPptaly.
(1) THREERJIDS

The rosults obtainod are given ino Tablo 1.

Baparatlon 'but-nmJ Goincldances| Time Rata/day
oxtremo traya (ml [Ca=x)
G 74 159 | 0.37 + O 08
20 10 165,06 | 0 81 + 0.08
120 58 £44 | 0,1080.0L7

At six netres ssparation the treys wore eoversd by
10 em. of lesd and the recerded rate was 0.44 % 0.08

1 which 18 only slightly loos than the rete witheut

ey
1ead and is within the statistical erroe. This shows
that the great majerity of the partislos recorded are
pematrating.

This effest may ‘e contrasted ®ith sea lavel re-
sults when covering the trays with A0 em. of lomd
paused s redootion of sounting rate of 200:] [Mongaal .

Loverdo and Tonglorgl (1942 B])
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Loverdo and Tongiorgl (1846 ]| Tha corrected rates
are io column § of Table E. .

We mpy then ohigin an ninntion aff the pbhasarption of
t-].:a mmtutu:p: perticles im extensive air showers in the
sarth, '

A redustion af the showar dsnalty by a fastor k, rel-
lu‘l'-i‘.l'B %o mpa-level, &t & depth & underground will causs

a afrresponding reductlen in the gounting rate glven by

10}

where Ry 5 counting rate at sen-lavel
Fy = counting rate at depth 4 underground.

The lpat column of Tabls & gives the walusa of k
* derived in thia manner. - From equatlon-{1l) 1% may be
seen that the welus of k @t ssp-levol should b’ stristly,
unity, MeCusker (1930) hns shown, however; that epprox-
immtaly BSRL of tho panutr;;;ng particlea at ser=laval
are miclecns. The walus of kE  at sea-level has been
gdjusted in view of this and the values of k. refler [to the

[~ T AONE nn-'l.?. ) R
Thess walaes of kK are Pl—:""t-lﬂ in Pisuru 1, which

alac shows the depth=intensity ourve of the hard componant

obtained by drewlng a line throogh the experimentel points,

Tha rate of extensive showar perticles ia seen to
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Tatle 3
Saparation Thassasns Sorempad 10 am. Fb
im. | Eata day” Hats day-1l
2.8 33,5+ 1.9 £5.2 * 1.5
3.7 14.7 £ 1.1 108+ 1.1
5.8 12.7 £ 1.1 9.4 = 0.9
11 8.% & 0.4 -
15 #.8 + 0,6 o+ 1.3

From the table it will 8 seen that the soreening
affest of tha lesd is greater at small seppfetlicma than
gt large, This indlsates that some Imock-on events are
tnaludad in the unsaresnsd rates at small separetlions.

The interesting Tenturs of Tabla & is the high rete
of twofold ewents. It fa groater for exsample than the
porreaponding threefold Tate at € m. separation at sen
level of MoCusker & Miller (1361,

Thara ara twe poasible axplanations of this 2 -
lal § is aifferent from 1.5 fer the penstteting sompon=

gnte of extengive showels.

(b} Leocal productien of pairs of penstrating partisles.

Far a Copsoni type density spectrum (1948 &)

oL
Wiox)o ¢ T

whers Hi>x) is the nunber of showels with mere than X
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THE BECAY SFECTHIRM ﬂrﬁwﬂm

@. 0'Cenllaigh
H.H. Wills Physiesl Laboratory, Bristol asd University
Collegs, Cork.

L, Thecratioal Inveatigeations.

In addition t-n-""‘ltn puraly phenemenclogical interast,
the form of the speotrun of the electrons fTom pu-dacay
has vegelved much study in order to declide whathar s-de-
any mnd A =radicpotivity ony both be explained in terms
aof the gams diresti interapticn btetween the particles
sonaarped.

It now appears most probable that the decay of the
Al -maspon takes plage in pooccdanoe with the sohems

o =3 o+ E W i1)

whare ¥ represcots a "neutrine® | f.e. & fermion of
sanll or "i"l.'l:l.!.ﬂh!.l‘.'lE resk-aaas.

The adoption of this schomo rests upon the following
ohmervations. Binos the sosrgy of the decAay alastron im
not wnlgwe, it follows that 1t mast be ascompanled by at
leasat two noutral particles. The fast that the averags
epergy ia about 1,3 L -33, mnd that tha and-point of the
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2. Copelusion,

(1] Events have been recorded underground whiash sen
be interpreted as due to the hard component of aextenslve
pir shomers with a primary ensrgy of at laast 164 ar.

The particles sausing the events are probably mo masons.

(ii] Tha rate of tha axtansive showares deocropsss
lass rapldly then the intensity of the hard oceponont in-
dicating thet the apootran abord 1-:1;1‘i eV is rflattar than tho
moan gpootrum.

fii1) Meby mors twOf0ld ovents are Tooordced than arc

axpeated from extensive shomr owents. Taszo may bo O0xX-
plaincd in torma of Locelly prodiacd pairs of pomotrating

particlos.

4, Ackpowlodgmonots,
This wark waa cerriod cuf wader the suporvision of

Ir. E.F. Goorge whon I wish to thank for onay valuable
discussicna. I would also 1liko to than® the Lenden
Teansport Executivo rfor meking the oxosllemt Tagilitiae

at Bolboen Underground Station avalleblo.
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form of the imteractions, whether sealar (3], wector
(v), tensor (T), peeadovector (A), or peseudosoalar (F|,
bas negligitle influence on the prodicted wplus of ithe
tecay-conatant ar the allowed epecfiram ehaps. It 18
guite differemt im the caps of e -decay.  Becouse of
thie relativistic wvelooitias of the neutrsl particlas,
the form of the spectrum is profoundly iaflusncad by
the type of ioteraction asaumed.

Galoulations of the shape of the elsotron mémentum
gpeetiin foF certnln particulsyr couplings,. have baen
made by Ticmno, Theeler and RHJ.IE. The soupling son-
stants for each sssumed interaction ware determined from
the valum of the half-=1lifae of tho Jl-masan, and wWard
semparesd with the corresponding velues for [ -decay as=-
puning & value of 30 minm. for ths half life of the
neatron. The pouplihg eonstents required for the vars
icus interactions were found €0 be of the same ordar
for both phenomena. These conclusicns are not altared
by the shorter walue (1S minsl mow mcosptad far tha
nediron half 1ife, the affect of this being to promota
aven botter agrecmont. Thia fact is favourabla o
the agsumpiion that the same thesry =may well apply
poth to A and to A4 -decay.

Tiomms, Whealar and Hmamnnidnr thres sinple forms

af the theory which thoy synbolise ps follows,
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4
Michal ", and the results have besn given in the follow-

ing aimple lorm, very coavenlant for comparisan with

RXpETimEnt . SIJIE-III'GBBIIIE ﬂaﬂliﬂ‘lblﬂ terms, ha rinds
4 EE
7, BBl =~ E.qw.n} - &f3 p |4x-wi| (2]

wWhET & Tﬁ: Mpan 1ife of the u-mason = £,15 & 0.07 x Tial
a0, B ¢ eloctron total energy, and W = gnergy at tha
end-point = o2 % MoV (m = =10 :|:|,i]. 2 is & paramator .
Bach that 0O £ Ff-\: 1l Air the two emitted neulrinos ara
distinguishatle [ w and ¥ |, or 0 P g 4, i the
t®e noutrinoa are ifdcnticnl (Majormon pariicles). The
valus of the parameter P L& given by quedrabic expres-
sizna in the coupling constants By where g, oOTTé-
aponde %o sonlar (8]}, gy veotor (V) ..... £y pasudo-
sealar |Fl, following the crder for thess intaractions
elraady gqudtad.
)rw Ir only ona Ly * @, the normalizing comdition

PlE] a% = 1/T

1 M & 5
£y which is found to be of order 107%% erg em™, that

+ ¥lelde the waluoe of the seleoted

of the Permi constant rfor /& -dacay.

Fig. 1 ehowe the form of thess thecretloal spectra
for salacted valuos of P, plotted as a function of
Ef¥ = u., That rfor f = 1 sorresponds to pura fensor
interaction when ooly gy ¥ 0, and for p =0,
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sunph oaptured IJ.I.-_-IIl!lu-ﬂEL!- will ocontein eledtrons of GRETEY
in sxcess of the mavimun energy for the decay of a fTee
mescn A% Test. There will te & corrosponding deficisnay
of slectrons in the energy region less than the end-point.
Forter amnd Pr!lm.almffﬁuﬂ-ﬁl] hawe given the results of
galewlations for the cases of Tiomne et al, 4.C.E. -
tensor { @ w 0}, and O.R. = veotor (@ = §). The
reutrinos are tresatad as bolng Majorana partlioles.
The sorrastione to the I,J: spetra ars not of very simple
fupctional form. Thay depend on the magnitude of a
parpmeter /137 and inerease with lncreasing . A
pomparison tetwesn the J.u-* andi,w-upaut.r- for p =z iy
and /137 » 0.1 18 given in Filg. 2, and applies with
surficient approxzimation to the pase of G5 emulsion.
Thus, mcourate axperismental swdy of the form of
the g -desay spectirum, together with g precise walue
of the noutron half-1ife, Doy b expaated o yisld
evidenas on The guestion of whether the epme direct
interpeticon may explein bath _.ﬂ ~Fadisaotivity ard
Ab-deesy.  The protlem of determining the mature of
the interaction may be solved by an axperinental mBessUEe-
mept of the walue &f Kighel's poaranétar I|'=l' y DuE dus
ellowance mist be mede for the cperation of the Deppler

smearing effect for lI,-...-"u:||].||:|a:|.l in pircunstoneoss shars 1Y
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speotrum lies at about § m#ua, points %o the emimsion of
just two peutrel particles, sach of negligible rest noes.
It i& ressonsble to aspume that they are 1denfisal. Count-
or golneldonce experimsnte by Hineks and Pﬂnildﬂﬂ&l. and
by Finaloni®, appear to exelude the possibility that they
are photons, It is oustomary, therefors, %o ldentify M
sith the neutrine of #-decay. The spin of 4 ouast be
balf-integral , whether that of W is integral or half-
intagral. Ho experimental evidemse is known which ls
inoonsistant with the above assumpticne. I, therefora,
wa aooept the degay-schems (1), we shall have to do with
four fermiena, snd the Lleteracstions betwasn them form

the basis of the existing theory of the decay Progace.

There are good remsong for rejocting dsoay-sshomas
of the type [, P) =T = {c,») whioh desoribe (1] ae
taking pleee through the intervention of o ¥irtual -
masoE, It 18 found that such sobesmps prodict lifotices
EaRy times greater than the obasrved walua. For this
repson, 1t has been usual to sssume direct coupling be-
twaen the four fermions A, &, b and ¥ .

It has boon ths pif of theoretical physiclete io pro-
dimt ths shaps of the decay spootruzm by agsaming that
there oxists a direct analogy between radiocactive /2 -decay
and g -decay.  Heoee, the interastions imvolved will be
those of the Ferml theory. In the case of 0 -decay, the
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bl cosmic-rey mesons of mixed sign. (Davies

13 14

Loeck and Mulrbesd , Levi Satti and Thomssini™ |
15 -
D'Ceallalgh | .

Cloud=-Chanber Investigations.

The experimental errangenent of Lagafrigus and
Pﬁ‘j’:‘ﬂ'ﬂln1 Fig. 3 will be taken ma being typlonl, mnd
differs from the othars only in minor detalla. h
rectangular chanber of userul wolume 30 x 30 x 7.6
ami. Was situnted in o mognetic field of 3ITED cerastad.
It contained twe graphblte abscrbers By amnd Ey af
superfiaial mass .65 gr/em”, and n tEay LA, Ca) of
four oylindrieal sosunters anclosed ln plexlglass.
Above the chambar 15 a load soretn 20 cme. Lo thiok-
ness designed to abagrb the greater part of the soft
somponant, and hetwaon this and tha chamber, ara teo
banks of gounters 0y and Cp,  Below the shanber ia
another bank of countera ©; sovered By a4 sorcon of
14 mm, of lead. The purpose of the soreen ls to
minimiee the possibllity of m counter in O, being
diszharged by an elestron fTom a decaVing mason. Tha
couAtars ars arranged so that the chamber was expanded
by the coinaldemss-anticeinsifence sshems 0O,, 0., Ea'nr
The alfTicfanoy of the arrangenent wes sioh Shat oLaR
of expapsions, or about 1 per dey, ahow W -megons stopp-
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{a} Antisymmetricel theory with cherge exchangs (L.C.E.)
() -(;)
e ¥
shere . Beutrine (¥}, giving its charge to an

electren in & nagative onergy ostate ylalding o seccnd

ordinary neutrinoo, and loaving a posiiron a.
(%) Simple theory with chargs axchangs {5.C.E.]
() - ()
—
v e
mhare A 3 neutrine (¥ |, and gives ite charge %o a

aeutring in a negatiwe erergy &tabte, thua tranaforming
it intdé mn elaatiPoi.

{e] Charge retention thecry (0.E.)

) - G)
where u— & &nd, simultaneously, a newtrine is raised
from a atate of negmtive o one of posltlve enelgy.

The results of these caloulations for essh of the
thres schemes are exhibited graphically for sach of the
types of couplicg 8.¥.T.&k and F listed sbove.

Celeoylations basad on the general ogupling scheno

for four half-spin partioles hawe baen carried out by
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which aparge with little loss of eneTEy. Tha action
of the magnetlc I'ileld 18 #2aoh that the positrons will
be rocusesd on A stable circular orbit. klong port-
ion of this orbit are disposed four aothracens crystala
the pignale frém whiah pre prranged to feed intc o goed=
ruple ecinsidanse selegtor. To aveld beckground, the
nuu:it-:lng wag oerTied put during an interwvel 3 - 10
M BEA. after the proton benm pulse. Celibretion of
the magnatis fleld then gave the form of the spectrum
by plotting coincldence=-rate mgninst eleptron momontum.
i3 Mulel Bopttering Teehnlgoe ln Photogrephies
Emilsion.

Ap hap been seen, the effiplerey of colloction of
rasults by countor=controlled elouwd-chambera is not high,
8o, %o date, thoss of the groatest siatistical welght
bava besn obhtained by determining the energy of the
elastrona by the tsahnique of miltiple sosttering.

This baa slresdy teon desoribed, and the distribution
of the sstimate of energy derived fron finite seangles
of track bas btean disoussed triefly. wing %o tha
diffieulty &f obtaining long tracks, the ramber of
angles nepsurad per track 1e& usually not great, 80
that the eatimate of enargy of any Individual track
is sabject to subeiantial statigtigal ecrac. In

ardar, therefore, to interpret cerraatly The experim-
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to the cmse when sither only gl+ 0 br Eﬂ{"ﬂ'a soalar o
pesufioscalar interastion. To the degres of spproximat-

ion chosen, all the ourves pass through the seme coamon
point P

Speotram for adpin = 378,

The theoretical apestra 8o far sonsidered, are based
on the sssumption that the spin of the & -mescn = 3,
The proasss .- e + 2 ¥ merely requires that the spin
of g be balf integral. The effect of asmuming spinm
= &/2 for the A -moscn has resently been sonsidered by
ﬂ-l.il.nilllﬁs. aEd the theoretlosl spectre bave besn com-
patad for the cases and couplings trested by Tiomno ot
a1, Tnlike the case of the spin % s-mescn, it is
found that none of the thecretical speotre go to Zara
at tha end-point of the speetrum.

Dopplar Smsaring of A -Deaay Bpeotizus.

A8 18 known, practically all g -mescns are capturaed
inte the lowest Bolr n:rhi.t.l. about the nuplel of the ptoms
of the abscrber. Jage in a E-orkit, lte subsaguent fate
will depend on two sompeting precessas, capture by tha
puoleuws with probability depending oa g E, or deray %o
an electroo, For elements of 2 £ 10 degay is the
merTe probable prmnun 'T. Owing howawer, to the or-

titel motion of the meson. +he J708F energy-speotrum of
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in migrons. Of thase, soms ¥0% gay n, may be
taken to B statistically indepandent. Wa Aay
then show, if the -:i=11 & are distritoted nermelly,

an approximaticn suffislent for ouk purposs, that

the experimental energy welues for the ipdividusl

traoks will havea the hﬂrtmtimm
:i‘[l'l—].-i.]
Pigle E[iﬂ} =in=8 = w | -
gldg = Min-1- &) 1 expi-# 8 q }dg

[
where q = ESff . E = apparent, & = tTue lmnrmr!

The valus of the eonstant < will depend on
the statistic employed to estimate the ensrgy of the
track, We have alroady considersd tho atatistics,
& = standard deviation of IIJ of sample, 9 = DEan
sguars deviation from assumed moan « O, and my =
mean devistion from mssumed mean = O, The fol-

lowming are the corrasponding veluas 2f & .

Table I
Statistic "-
-] a
By 1
o, 68
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may be eaxpected to produse measuratls differemce be-
tween the spectra far .P'* and .l“"_ 08 BOTLE . In prinaiple,
if § £ P £ 1, the neutrine mist be a Dirss partisle.

If 0g P ¢4, thisa question sannet be desidel from the
form of the spectrum., Uofortunately, sxperioental evi=-
dence ia mach that this is, indeed, the case.

B. Experimentsl Investigations,

L. Hethods.

In the principal iovestigations of tha form of the
A -depay spectrum, thres Alstinet teshnigues have besn
used., They are

(1] Mepsurement by magnetic curveaturs of the momentum of
the tracks of electrons produced in the decay in abeorbers
i3 & oloud chamber of goamic-Tay .-"‘"- and l.u.' mE a0,

[Leighton, Anderson and Seriff", Lagarrigis mnd Payroul o]

1&) Momentum mepsurements of elsptrons arising rrom the
+
dacay of artifislally produged pm -mesons in a opsoinlly
11
designad speatromatar. |Spgrae, Hubberd and Gardner i.

(3 Enargy m'_-;lmn‘tn by the tecknigue of multiple
spattering, of elestrons from the desay in Lifoed 6.8
emulnions, of

al artificially prodused ,.u.+ mesend (Eranach and

Havan 13]
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sample of track. Binoe wa have N[+ J4€ slectrons
in the apestrum having energies € * #d¢ , the con-
tritution of thase, and only thess, to the Intervnl E
* WE of the messured speotrum wiil be

E¥ (M, =] -
4 [712]] ﬂl;H{EJd{E_i = e

axp [-i I-'[-E.-"BJ% ﬂ.‘ﬂ (5

The contrituticn of the aswmplets spectrum ol all
€ comprissd O £€£ € to the interval E* ME in
the Bessured spactrum will be

£
m
2y (W, _
v (BJEE = ax fmi] %it:m““
)

exp [-3 mie/m®] ae (el

%o may transform to an expresslon contalning the
pasumad Bpestrum in the standacdized form
w o H-5+2 =
Yie) de s EP (H,w) 8 J’H[u:-u azpl -84 0 s

]
du

7

whers u.'l‘...l'emm u-E.."'-rE.
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-ing in the sereens ©, ar Oy or the counter tray
A, the desay electrons from ehich wers suitabls for
oA FEITARELT .

Singe the pathe of the decay electTons were of
very diverse geometry 1t was necessary to aveld any
poasibllity of energy bims im the selection of tracke
for inalusion in the statistica. This wes dons by
applying the following eslsction eriterion. AR elec-
tron 18 ascepted 4f, and only 1f, all electroms follow-
ing the same path, of whatever energy E, 0= E & B4
MoV, oould by meagured with s precision in excesa of
m cortaln minlsusm value fized in sdvabee. The moan

precision of the measurements was = 6.5% .

[E) Bpirel-drbit ﬁpuntrumt-r‘u

In this instrument, the proton beam from the 184"
Barkeley cyelotron was electrostatically derflected to
Pass through a 14" sollimating Bele drilled on the
axis of ong of the pole-pleces of & megnet. BetWesn
the pole-pleces, and soaxial with the field, wece placed
targote consisting of eylipndrical rods of sultable
mEmtarial, The -;l_"'—uaa:-u.a produced in the proton hom-
bardment decay t.-n- A mescns. Owing to a combinatieon
of plrpumstanaes, most of the .n:-cnunna will tham-

salves decay within the target material to positrons
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tailned by means of the wericus asthodas. Gome avid-
anae has been pat foreerd which would indicete a dirf-
farsnos betwesn the spactra found for coSMiG-TAY EREORNE

B
of mixed signe and for arfiriclsliy produced J =@eBans.

Experimental Spectrum of _I;J.+-E-un:l.s-

Freliminary resalts found by means of the spiral- _
orolt spectrometar by Sagane ot ill]:l are as Tollows,
Thke mode of the elestron momeatum- apestram f8 found to
lie st p = 70 2 3 myo, and the Intensity et the end-
point approachas zerc and appears to be lass than 1,10
of the lntensity at the mode. The results pre inter-
praitad ss being best in agresment with that ocorres-
ponding to Michel's parsmeter © = O, or 118 eguivalent,
L.2.E = Tensor: <.H.-Scalar of Tiomno =t al, The
peaslbility is not exeluded that the end-point inten-
eity is as great as 0.1 timea the model intansity, a
result whish oculd be explpinesd by pn approprists lin-
saf combinetion of goupling constants o.g. im the 5.
C.E, thecry of Tiomno, Wheeler nnd Aeu. The ocalibrat-
ion of the apparatus is at present under exsmination
in order to ssatablish the behaviour of the speotrum in
the neilghbourhocd of the spd-point.

Ginze the total oumber of tracke availoble from the

work of Bramson ped Havene ie only 117, it is difficult
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-ontal results, s olear distinetion must be drewn
batwean the true speotrum and its "distorted image’,
the sxparimental spectrum as measured by moy toochniquo
of low preeisicm.

For example, since we know that there is a'cut-
off" in the snargy spectrum At about 54 KaV, (et lemst
for the l,u.."’—aq:un'r.rum:l . the Pivst affeat of statistical
spread will te the appearanse of elestrons with appereant
energy E > [4 MeV aocompanlied by a carresponding dis-
tertion im the region O & £ £ 54 MaV. Thess conseid-
erpticns will be alear fram Fig. 4 which La sketched
e illuatEate the saffect for m hypothationl Epaotran.
It is to be understood that the area undar sach curve
suat be the seme. In &his extrems oses, 1 i& plear
that a spuricus mode AppeAaTs in the axparimental spec-
trum, althouweh the trus speotrum is monotonie inorens-
ing. We seek, therefors, the transformation Trus
Gpecirum -3 Measured Speetrum,

Suppose that an eaperiment is carried out in
which the anergy of a very large number of alsatrons,
all of the sama energy and track-length, . microns
iz gatimated by measuring the multiple scatterTing of
anch, using oall-sife o micréns. As nlrepdy shown,
the number of valuss of :all1 avallable for this pur-
pose is V.= Lfs - 1, where L 1s the track length
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Takla II
Experiment ¥o. of Trasks Eztinate of B
(1} L.&.5. 75 0.75 4+ 0,20
(8l L.F, 160 0,25 + 0,15
(@) (1h+(2) Bap ©.19 + 0,12
(4] L.F. a* 121 0,08 + 0.18
(5] L., &~ 104 ©.25 = 0,19

It i@ dirficult to draw more than teatptive conclus-
icpa from thess figures. A8 polnied out by the authors
the sxperimental difference betwecn the o ¥and u -
apeotre oould priss from stetistisal Cluctuation with
rrobability 16 ¥ and eannot, therefore, be accepted me
significent. The ppparent dirferenca ia the behaviour
of the &* pod & spectra near the and-point, is mot
thant t¢ be expectad if the Doppler socaring effecs of
Porter nnd Primpkoff were operative, This effect eill
te of less lmportanse in cloud-chember sork obere the
parametar 2137 is -~ 0.8 as againet -~ 0,1 ror the photo-
graphis emlsion. Owing however, to the dirfficulty of

anlleacting statiaticse, it 18 scarccly f-nstbls to test
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The walus of e forr the statlstis sost commonly
used (m,i is approzimate, as the sxpressicn for the
sampling distribtuticn of enargy estinnted by this
atatistic i of wery inconvenient form

The abowe theory has been testad arparimnt-nll:.rle'
nsing eamples of track of aqual length of noncergla
electrons, and the agreemant of expariment with theary
brs been found to be wery eatisfmatory.

CGonsider, next, any theorstical spastrum, and
suppose that there are Wif j)d ¢ elestrons coaprised
within the esnergy-interval €% § dE. In determin-
ing the experimental spectrum, all trankes are chosen
tc bewe the same length and arfe messured in the sans
call=pize regardless of thelr energy, mo that thars
aré n independent cells in each. Rowriting (2]

we have

=2 e
PIE) 0 « ”"[E—“":' e 8T Cexp[-dle /BT ap

[mim-l-u (4}
shere W (R, &) L& weitben for _=°- | and

FIEJAE is the probtability that [rin-1-w] an slectran
of which the snergy is € , will pppesar obn mesBUTAmeRt
to have cmergy somprdsed sithin Etﬁll, thare being

n satatistionlly independent walued of ETJ in tha
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GNergYy at the end-point, and a knowledge of the maxi-
mum anergy relesss bassd op the known mase of the
_IH.—TW‘ﬂUFh

For these reasons, mach eayparimental and theorets
loml work hes bBean sarried out in order o deternine
the walues of the scattering constant, and its varlat-
lon with particle velooity. This coastant, K |, is de-
fimed am rnllnralﬁ

t ¥ $
K L K ] K &
e—f W 2f . 2P (%)

" oppe ue®rp® mELD)

i
whate P = sceentus (Me¥/o); Mge |7, rest and kinetlo
) g, =}
energy (MeVi: Bz (1-871 0 & o oM 0%, or the par-
tiele of welosity =fec. # = aall=aize in vnite oF
lm.__.u_ .
Theory shows that the value of the seattering con-

stant may b Written

degrass x MoV 1GE imﬂiinnhlﬂ

E « 8,203 L
2.8 tlwbi‘

For the electrons of the s -decay spectrum, the walue
of ,ﬂzn-ll, wa need only consider the variation of
Lg, g E~l with cell-size. Feor }!EH 1, this ie
¥ary Well reapressnted by the empirical amﬁnmnlﬂ

I'B.Fgﬁ-rl = 1.45+ 1.19 (log 11 [10]
T = gpll=size in oiorongy
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On substituting Mlehel's genaral sxpression for
Hiul we Beave,

a
Flul = 4/ E (g - dphu= (9 - ap:u‘q
=
folleowing scme reduction, ®e obtaln the followisng gans-
ral eaxpreasion for the standerdized measuced spectram,

3/8 g -
His) dg = 43 {2/n] / nﬂ L (9-8 p) [ fln-w + 4]
[#in-w + 1)

L =B
(B2 b jin-w+z) - 151:1]% (9-8P 8
(fn-n + 4)
[MHn=w+1)
-t
n = » Ho- s » Eﬁ-l (8]
A

TN jn- - r3)

~

The expressions I(p,ql are incomplete | =funotions in
17
the standard forn tabuleted by Eerl Pearson

11, Exparimental Heaulta.

&8 wo hawe meen, the gim of the axperimental in-
voetigations ig to estinnte the value of Nishel's para-
netor ||l:| ; hich 1ia a Tunction of the intaracticns be=-
eeen the four half-spln partliales with which we have
to deal. A% the time of writing there appoars to be

ne very sstisfactory agreamcocnt betwesn She resalts ob-
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plote method, was that of Damvias, Look and lil‘.lrnamllﬂ'

who used the Xodak M.T. 4 emulsions. This work es-
tablished the fact that the Jdesay enmrgy of the eles-
trons wae not unique pnd showed that the avernge on-
ECEY WaE -~ 173 mﬁna. Owing to the small sunbsr

of tracks Aavallabls (511, it was not possinle to

depd mare than the tentotive conclusicn thmb P might
aXEeedl ToPo. The general appsarance of thelr curve
mgreca, within the limits of statistical errar, with
thase found subsequently by the some mathod.

The work of ﬂ‘ﬂﬂullﬂﬂlﬁﬂqnn, at present Lo be
that of grestest statistioal weight. The scattering
of the ssocRdery particles Ifrom =s0ma VOO rll:l' f-Haacna
kas been measured. The results have been divided
inta three ssriss, in samch of which the Lrpoks wers of

identical length. Detailes are given in Tabhle IV

Tablas IV
Mo, of electrons|Leogth of |Ws. of oells 8.0, of
in serinps, trank In) |T5I’.L | eatinmate
(mderans) of energy.
1 BB 1080 13 2L.1%
II 280 1980 ES 14.3%
1L Ela 2aR0 3l E 11.7%

In opder to allow for pessible unesrtainty in
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10 judge the mgreepment between thelr work and that af
Bagane ot al. Unfortunately, the disterticn of the
true spectrul by statistipcel uncertainty hes not heen
taken ints msscunt by these workers.  Further, the
pelection critericn employed was the acceptance of all
traoks of langth 3 1B00 micrans. Stner the dlgtribot-
fon of trmck lengths > 1500 misrons is not available,

it is not possible to sarry cul the meocsERTy tranaform=
ation exsept in a rough fashion. The published ourve

doss not appear to be in dismgreement with the bBypothasis
P = 0, but firmer eonalisions must awalt improved stat-

iatics and technlgus.

Spectra of Mized Gunic-ﬁnr,m-»‘lunnl,

The statistical weight of the rosults of Leighton
at ul? (75 trecka) is low, but they do not Jiffer slg-
aificantly froo thoes baged on the 150 measurenents of
Lagarrigus and P-ar:'w.m, The letter authors have
derived valuas of o both from the scparmies series,
pnd from & conbination of both seta. This procedurs
Beems to bo justified as the cxperimental arrangements
4o not appenr to ALffer in any essentisl partlcular.

Thess restlts are given in Table IL.
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mater @ |, ond the gcndgﬁsa of fit with the sxperin-
entel histogram was tested by nesns of the X° test.

. Tae results may ba summarised az follows.  Tek-
ing the walue Kyjgp = 4.5, ®hioh as may be scen from
Table III, is in ssatisfmctory agreomant with obeer-
vation amd theory, ths experimental waluss sould not
be Titted by any cholee of @ 0% po 1. Thie re-
#11t was found in each of the experimental serlos
I, I and III, and thoge for Tl are showm in Fig. 4,

For £ = 24,5, there iz an excess of high-cnargy
particles, even for @ =l. By choosing a lower valua
far K, it was found pesslble fo eerteiln veluss of
to fit the experimental figores in 4 @anner Julged
satisfactory by the IE—taet. The resulkt of such
aholoe is shomp io Fig. ¥ whiech gleo refers to scriec
II, The broed bend shows tha repgloa &f cooccptoble
Tit iz B Fprobabllityl for p = 0, wod is bounded by
the tFmosformed curvaa for HJ.I'.'IIE' s 00,0 and xlf'l.'-' s 193,
The 5% level is that conventionally adapted by
statlaticiens ag being "signifiomnt', and meana that
in ealy 8§ of cases oculd & valus of %= grester than
the experimental valus arise purely as a mathker of
chanae Far purposes of comparTisan, the transformad
spectrul is plotted for peo 0 npad E o 23.0

Tho resulte of the Tittins ~xperioeats for Serias



= L58 -

this point by uslng hemvler gases to £111 the cham-

ber. It da, perhaps, & 1ittle surprising that so

faw electrons have been observed in any of the alsud-

ahamber experiments with apparent coorgies in excass

aof 64 MgV, slmce the average moourscy 1s pbout 8,0

afid statistical distortion effects might be expected

to ba operatlve of opder of ongnitude not differant

from those verified to copur in photographis emulatens.

dpestre of Wixed Casmic-fay Mosons in Photographia
lalénae.

The decay perticlos mcasared by Lovi Satii and
Thonaiinild, and 0'Ceallaigh, liﬁlls are thoss arlsing
from the dedsay of cosnla-Tay F- wIEB SO . faloulation
ahows that 17 equal numbers of g -mesons deday ab rest
is G-8 emulsions, then, of the cbeerved electrons, 8OmS
BOF will ba et  and 40% e . The value of the ratio
;fp' eppropriate to the exposure may only be found
indirestly from m study of the relative nambers aof T
aod g -produced avents in the series of plates.

The Interprotation of the pxperimental results
tbhtained by the photographis plate technlgue 45 greatly
dapendent on a knowledge of the expct wvelus of the
"scatiering eonstant’ approprlats 1o the experimental
sonditions. In the present case, it is clenrly oot

possible to obtaln & calibration from the chscrved
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highly unreasonable o supposd that 1te true walue can
be as low as 21, Thus, v may rajest with scafldencs
a J_._—llenny spepirum with 2o . Stnoe 1t i wvory in-
prebable that X, 18 a8 low &8 £2, it seems safe to

conclude that no choice of the valus of p oconsisbant
with repschnble nesumption of the uncertainty of oar

knowladge of that of L
mont with experiment. In this conpection it is rele-

21
ot to note that the observers who werc responsible

g+ léeds to moceptable agree-

for tha exparimential ﬁataminntj..&n af xlI:II:I for tha 105
HeV positrons Tabla {11}, alss cafried cut the DEasure=
mente of the g -decay epestrum,

The geocral featurs of the prescot cxporimental ro-
gults La the presspes of an exaese of elootrons with
apparent cnergies greateor than the spectral maxizum.

The ertegory of mosan styled p o-mescn', oonelsata of
all particles distinguishatle from protons, which come

%o rest in the emulsicn without produsing a star. They
inolude therefors T -nmescns which produce 'zaro prEokg'
sters (some 30F of all o« -stars), oll cpptured u”-pesons,
apd suach M * and ‘;.L':]q.snun a8 Ageay to plectrons shethar
resoghised or not. It is possible for a SoABRRT 0 To=
cord a8 & p -meson any particle decaylng to a seccodary
ot zinimm ionization. Ancng such might be ® -masobs

or W -passns, if direct desay to an elestron followling
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In crder to avold undes statistical fluctuations
in the walus of & which might acise from the pressnce
af nu.u large plural or single scatier, 1t has bean cus-
tnmr_r to sxeiods all velues of F"1 =4 !ii | , and if
this ia dome, it is necesapry to Feduca tJJ'B wvalue of
the scattering constent by 10 € . This redused K
we may dendte by Hm. and the chisf theoreticml and

axperimental values for the cmas ﬂ'aa..-:l. mra listad
in Takble III.

Tmbla IIT
! . O x MeV
Authora Eethed K
40 . I:.'I.Uﬂ_..u.:l!

. 19

¥oliare Thaary o250
Fat

anyder TharTy a8, 3
Wenon , 105 Ma¥ poaitrons 4.8
Q'Ceallajigh
& Hochat 186 Ma¥W positrons 3=
coracat® poaltrong 40=185 MeV- ag.d
Eoaley *’EE glectrans B.7-17.82 4.3
Mulshaad He?

bﬂ-lnﬂ Ilaotrans 4+ pnd - 23.7
& Fighup from materialized

17.0 MeV W -rava.

The ploneer investigaticn by the photographie
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could kave been prodiaecd by the dircet deeny of unstable
particlos of mass > m g .

There resains the possibllity thet the apparesnt eaxcass
of alestrons with apparent snergies greater than the spect-
ral maximam i& explicable by the Doppler smearing of the
Ak somponent, in the mammer envisaged by Forter and
Frimakefe, Indged, the cparaticon of the effect ie in
the right direstion to btring thecretical speotrum into
botter mgraement with exporimant. Caljulaticons are 1in
progross whish w11l onakle this pospibility to be tostod,
but thoy aro todlous bogsuse of the functiobel form of
Fortar and Frizakoff"s expraesslons. Enen Thess have
besn completed 1t will be posaible to Judge 1 tha affect
is of suffieient magnituda to ppeoourt for the dlesrepancy.
Additiooml indopondent evidenos =may bo expacted fc bo-
pome avallable from tho work of Eramacn and E[n.'r-znn.w-

Ap far as #may be judgad, the rosults of Levi Sottd
amd Th-ﬂl'nlliﬂil.a_;'c not in dispgrecment $ith those just
desaribad. In all, 368 tracka have boon Deasured by
thasa suthors. They are divided into teo sories of
which the main compriscd all trecks with long®h eXxceed-
ing 1 mm. Tho averags leagth of these woe 5.8 mz. but
2}’5 wara of length < 3 ma. A teokmigus of proliminary
mepsurcmsnt Was usad o ahoose an cphirum sell-siza

for thae rinel measurcoant, Thas 4t ic n diffioult
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the valus of E].Uﬂ" the axparimental results were
treated ms follews, The number of cbservationa

(H) were plotted ae & histogram for a4 selected cpoge
of (e ]-l. Tha most suitakle group width .Inn found
to be & [ ]_'1 = 0.3, Tha result for seriea I is
shown in Fig. 5.

The valus of [ij:' perresponding to the and-
point of the spectrum S3.8 MeV, (m, = 210 m,]) was
computad as rollows, The nesn cRergy-loss along
the sourse of the track was taken to be 1.4 MeV/wm,
This flgore assunes that redistion Losses > BOS
would menifest themselves by & change in the trend
of soattering aleng the track., The apparent anargy
of the track was pasumed to be that sorrected to the
mid=point, Thus, for tracks of lemgth Lga , the
apm}rant maximn energy tas taken to B8 T .. =

(88,38 - 1,4 Lf2000) MaWT. #e have, from [9),

[E4m |

— -1
P 20017 = FrooTerr . The transformed
1+

digtritution curvea (8], ﬂiiuh are gxpressed iB teTms
\-

=
of 8 = E.-"En = 1 %300 m were then ritted to

the histogrems (% 9t of the thres series
{Tabla IV}, iaking into scoount- the moumber of obaer-
vations in sach. This fitting was carrisd cut Tor

varioua assamad valuss of le and Kichel's parn-
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mesons by the scattering method, but failing the same
mathod of analysis it remains difficult %0 admpare
then nore exmctly. The writer ackoowladgee with
gratitode mich belpful correspondence with other wor-
kers in the fimld, in pertisulsr with Ors., Lavi Setti
and Thomasinl, end Or. Michel, mod thanks tham and the
wirkers at the Eeole Polytechhigue for generaus par-
miselon to quote feom thelr unpublished work.
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IT are presented in m aystematic fashion in Fig. 8.
Hars, the continuous curve is that of the sxperimental
valuee of ¥° Tfor p = 0, plotted ms o function of the
mogumad wvalus of ':l-!.'.IEI‘ The stptisticel levels orf
significance gorresponding o the experinentnl nunber
of degrees of freodom [§), are slsc shown, pod the in-
tarpréteticn of the goodocss of rit 1s indieatad an the
diasgren. The points o and p = #, zark the approx-
imats positicna of the minima of %% for these valuas
of the pearsmeter. The dotted eurve ie the envelops

of thess Ainima. Consideration of the figure lesds

to the rollowing sonslusicna,

(1}  For Eyjqn 3 £2, the experimental results cannot
be fitted by any ¢ 05 P g L.

(2] For 19.1 £ Kypp € BE.D, it is pomsible to fit
the results by cholee of P, 04 @ g §, but
that the goodoess of fit deoreases with ineceps=
ing .

Thess aonolusions derived from Series IT are Eup=
ported in & satisfactory oeoner by those for Serles I
eid ITI. This obsarvetion sesms o ba eonflrastory
of the acorrectoess of the transformestions (&),

The aptisfactory agreement bhotween thecry and ex-
pariment a8 shown in Tpble IIT, makea it very difficult
o aocept a value of Kypp &5 low as 2g, snd it sppesrs
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the sohame W' —3 & +V ¢ 18 & serious compEt-
imﬂ} to the prososs of ® —ll#. deday. indeod
by mssuring a suffislently bigh peobability for the
dircet-desay prosass, It Iz gulto posaibls to IlT
the oxperimental results using the scecpted value of
E!I.W" tut thare are sericons objections to thias. In
the Cirst placsa, measurensntes by Frledoso snd R:l.‘ll:llllt-ull.'Eﬁ
o thauuu anding in photographis plates in cireunm-
stanees whare they could be distinmiished from bpok=
ground _l..l.l.-duuuya. ehaw that the probablllity of T-8
decay [ 4 -8 decay 18 e~ 1/1400.  Similar experin-
ants tend to ponfirm this result. Having regard to
the ratio T - o decays/ P -4 docays obsirved in
ogur plates, the above probability is incurficient to
axplain the cxooss of high energy parsiolos
Furthernore, mass estimates by the teehnigae of
gap=-lengih acunt va. residugl renge wers mado oo
thosa F‘ -megone woieh produced minimom tracka
af mpparont p |I'5 p = 850 MoW. Even though thara
was a iondaney to ovoresptimete the moss Of EARny
of thase, becsuss of the appreciable dip of thoir
paths through the emlsicn, nore of the seleotad
P—'[I.EIWEIE appeared 1o have Dasa in creoss of that of
the W =moson, It appears unlikecly, thoroforo, that
nhy appraalable fraction of the high-omcrsy clectrons
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metter o cempars the statistieal spread of thase
regults with thoes of O0'Cesllaigh. The oonstant wasd
is 2 whieh 15 higher that that assumed in the Inther
work., The results for the 270 tracks of length > 1 fmm.
are reaproduced in Fig. 9. They arc, perbnps, back
popparad with thoss shoen in Fig. E.  Seperficially,
the agreement seams good, the poaltions of the modes
agrea and the spread beyond 53.8 MeW, the theoratieal
end-point ie about the same in both. Tha apread in
the high energy regions is leprgely deiermined by thoss
tracks which are messured in the smallest aacksr of
galle. Sines this information is oot avallable to

the writer, 1t does not scen profifable *o draw farther
conslusions at the moment.  Loavi Oottl pnd Thooneind
alese give a histogres for 366 tragks mepsured, for the
seet part cn 10 cells. This inm reproduscd in Fig. L0,
The general appoaranoe acaolds well with that of series
I of the presont work (13 cells], (Fig. 5). For pur-
posap of comparison the approximate position of the
speatrum of Fig, 5 is showa in natehed line ca Fig. 10,
The position of the moda is about the ague In both

afhd foours mt p lowsr energy than in Fips. & and 9.

In tha light of the information at preseaat evallable,
thars Emams no reason to daobt tRet substontial agree-

ment exlsts betwesn fhe results for mixsd oeslc-ray
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NUCOILEQOH CABJADES LN IEADL

G.%, Eonhostor
The Fhyslos Department, University of Mmancheater

f1. Intredusticn

Thera 18 now oush evidensse that the @ain
tuild=up of coamis rTays in the atmosphers coours
through mieléan cprapdes in the sy shown schems-
tieally in Fig. 1. Primary particles aollids with
mir nuolei greating mesons and forming other Tast
puslagne which In torn move on 0 meke other ool=
lisions. In thees acellislona further msaons mre
eroated and mome nuolacns formaed. After a Tow
pollisisns tho energios of the nuoloonm ape toao
low to aromto mosons, bat the nooloons onn &till
rFroduss avaporation at=ra. o rimal prodoota
are ||-|- =masona, and 2icr protons and neulrons.
The elow protons are absorbed by the loss of an-
argy by fanizptisn, and the slow neutrans in
gapture by nltrogsn mrooled. The evidencs for
nasledn oaroadas in a8 followa:-
1) The direct chzarvaticn of spcomdary intor-

actlons 17 tha alood chamber amd in the
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B8 Wall as in alr cooura through the meohanlsm of

nuslach aasoadas.

f2. The BDatearmination of the Interaction Meen-
Free-Path of Charged M-Eays.

The interacticn mean-fres-path (scmetimes SeTmed
the oolliasion lengthl, dencbed by .:-"-,I i ia dafined
a8 the aversge distanse traversad by an N-ray befors
it produces its first nualear interacticn. It im
found that the variation of inteneity of H-Tays can
ba represented by an exponential fumaticn, 1.e.

I oxp [=xfA ) .
"% I eee. 11]

where I, is the inbkensity of thoe inzident Fayas,

I of the smergent raye and z the thlokmoss of the
etaorbar. Tha inferaction noan-fres-path corras=
rending to the peonetrical ergse-sectlon of the
target nucleua ia given by

Are U E”'j Ty ceeee (2)

whore ny 18 the pumber of nuslal of type 4 per
unit mana of the absorber and 0y the croses-seation
of this meleua, The valaes of A:L for garbon and
lead are atout 60 g.on © and 160 g.om s respestively
Cocgend (1545) devised a counter arrangement for
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for ssacndgriss which cgn penetrate £00 g.om — of
absarbar.

411 the expariments seen to indicats that for
high energy avents in lead the interpotlon moan-fres
path is gonsistent with the walue eeleuleted from the
getmatris oross=spotion.

Exparimsnts have also been earried out for cerbon,
uging the pams apparatus as for lesd, end they find
Bl £ 5 ;.nm__z, a valus whish 17 alightly graatear than
that aormeeponding to the goomotricnl crosa=saption.
This resalt, 1f correct, prolebly @eersa Yhat the carbton
nuolaus le mafe trancsparent thsn the Izad macleus.
Transparenay for the ssottering of 20 MeV poutrons by

light nuslel has al=endy beon frund ot Burkeley.

2. The Imtersction "Seen-Frego-Pail of Stutral H-Rojya.

Thes apperatus of Fig, 5 moy ales he uoed for thia
datermination but rowm the countars of tlav 1 ATH
sonnected in anticcinoidenss @ith the shomer mat P,
Tha valuss found By Polker ef gl. 11950) agree closaly
with thoas for charged W-Hoyo.

£4. Beaondary Tnterastiona i the Photoprephic Emalsies,
The walue of 'A‘J'. anr he Touad Sfmeptly by obsarving
pacondary stare in the phitigrosbic @malslin. Glx nus-
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mEE0nE .

§5. The Determination of the Attenuation Length
for Condensed Matter.

The attepuation length, dsncted by ;";j_. in
defined ma the Shickness of matter which reduses the
intansity of H-rays by a feactor lfe. It 1a Tound
exparimentally that the attenuaticn of N-Tays ia ex-

pomential, L.a.

I=1,exp [“:"r':‘ll:' ceana VO
ghere I is the intensity of all H-raya, irrmapasilmm
of their erigin, at a depth x below the tap of &
laysr of sbaorber, and I, is the intenslty of the
Herays above the mbsorter. The valus of -:’lt1 is
Agsarained by moasuring I es a Tupeilon of = by A
devise whiah eecords N-Feyd o.2. B ponetraeting-ehowar
sat or n photographic emalaslon.  Values found Tor
Aifferent matorimls by the photograph emilaicn mathod
ara summarisod in the Table 1.
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photographic emilaicn.

(2] The examination of the energles of the resoll
fragnents of puslsl in evaporation by Harding,
These obhservatlens ahow that in the formation
of a 8ter a moutron 18, 1n genoral, not atopped
cptpntrophionlly but paascs through the nudalsus
and gope on 0 [OFE ARNCtheTr Star,

(2} Both the star rete and the alow neutron rate
have parimn well below ths top of the atmoephars.,

(4] The magnitude of the latitude affect of stars.

(5] The comparison of the attenuation length of any
maslacilse avent with the intefeetion Deaan-frea=
path. In general, the attenuation length for
all types of nueleonis events are grsater,
(usumlly phout 1.5 = & timesl, than the inter-
aciion mean-Tree-path., This meana that sesond-
ary intarastion has teken place.

This gunlitative piotura has bean given guantit-
ative form in the work of Messel and his collabarators.
411 the main featares are brought out in thelr theory;
the numerisal agresment depsnds upon e knowledge of
tho primary spostrum. & thoory neglooting lonizat-
ioa losa has boen given by Fujimoto ond Hayeikawa.

It may e Irforred that the main Wild-up of Tha

maclecpie coamponent of aosmic raye in dense abacrbera
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the determination of A . which is shown In
prinsipls in Fig. E. The countars are 5o
preanged that the showerain F which are reccrded
pre Ghoss Tor which only the oouniter in tay &

is Aischarged. The gotual arranganent used by
fozgoni at altitudes of 3,280 m, and E60 n. La
ahewn in Fig. 3. Counters B, ©, and D, which
reoord the panetrating showers, are sach separated
by L imch of lead., Colacidences of the type

A+ B10+D+1E are taken gs o function of the
thickness of absorber EL + E Thus to pro-
duce & showar & ray bas to set off' only che eountar
in tray & and only ome in tray E.  After correcting
ror the knook-on shower beckground Coecond finds
Py [PE] = (10 & 15)gem” ",

Bimilar experimerts have boen carried cut by
Walker (l950) smd Zitte (1950}, Thoss authora have
prtended the Cocconi work by determining She mean-
frea-path for the charged primeries which produse
ghomers =ith different munbersa of ralativistls
peoondary partisles,  Both workers find & do=
aropos ln the walue of 'A"I with incresaing
shewar slze. Sitte finds AIn:r'uJ w (196 & 13}
g:.cl:n'g for secondariss which can penetrate 100

snm_a of absorbar and H:I:H-] = (188 &+ 10} E_m-s
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=lep® interastions bave been Tound by Jemarinl et
pl. (19850) in 128 cm. of 7 =meson track length in
the smulsion, glving & value of ..5'-11_ s B2 + 30
g.m::n-E of mmulsion. The valus of "',"'I for all
thin trasks of length greater thaz 400 g 18
108 & 27 g.om 0. Both of these values ere close
to the value expeoted frPom the geometirical crons-
seotion = 1.6, 90 g.cm o,

It is interasting to acte tho kind of stars
prodused in these seoondary intaracticne. or
40 stars prodused By protons, sleven are in tha
Bnargy Fafgs 800 = BE0 MaV, and in only ooe omse
is an Ldentiried J-mecon produced. From the
consideration of the energy balmnce, there appears
to bp no evidemss for "missing" AHETEY. of 40
stars produced by U7 -mescns, B are caused by mesons
with spsrgles of from 600 %o 1,100 RaW. In aix
CABGS One Ti-meEon alse comos cub of the otar, end
in five ¢f these the energy of the eoitted meson 18
pbout 4% of the ipaident JW-mosan, Do She To=
maining case the s@orgont T -moaon has halr the
anergy of the imcldont mdacn. Gonsidaring tho onargy
balapmes of all of the 40 start, thorc is avidenss of
"piasing COCTEY: It is tharefore possible that
meukral Tr-meschns aps prodaced zs well as chearged
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avents with the waluc of A .

(2) To find what fracticn of sters under loed can

ba msaribed to fast T -mescons whoss Bhah-TTea-

path for star production 15 less theh Tho moan-

frog-path for decey la%o j. -mascns.
Ilford 06 plates, 300 in thisknoss, ware eiposad Tor
21 days &% the Plo du Hidil, altitade 2847 m., one gmoup
of platos being placed undor 30 en. of loed milt ib
the form of a homiephore, and the other group 1.5 m.
away from tha load.  Both groups of platos stood on tho
sonsreto flogr of a hut @ith & thin reof. The trans-
port of tho platos roslted in & “background® ogquivel-
ent to 5,.%%. of sll the atars cbearved, Tho oholed
of thoe thickmoss of the omalsisn was the resalt of
cpraful tegts of tho asourasy and spood of the chaors=
THTE. Sogrming was carricd cut with 20 x Coocks Ob-
Joctivos mnd 10 X oye-ploade.

Eaoh gtar was oxpnired in detail with a 45 x Oil-
immersion ohjective and grain counts were made on the
tracks. In order to be mocapied for the analysle,
tha ater had Lo have at least 5 prongs oF E prongs
and & maclesr Tragment. The usual ariterion was also
apdopted ta exmlude stars of radionstlve origin. The
atars wers claseified in the seme way as by BEowm ef

al. {1949] and the results are shoen in Tablss 2 & 3,
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Table 1. The Attenvation Leangih {g.om
Dirfecent Materindsa.

E]m

huthors Matorial

Oerton | Iea | Aluminium| Lead

Barton,
Goorgn & 188 + 7
Junsch (1951]

GuoTge &
Jascn (1849} Ly & E0

Bornardini oti
rl. [194%) 220 |A00 :30

Harding,
Lattimora , 14
& Forkins

{1940} rzl:u:: + 1

Thoso valuss wero detormined fer the most part by
using Mford 02 emlsions and therefare refer mainly
to avapiration stars. In mo case wWaS an ekectron
senaltive plate used.

§&, Datarmination of Attenuation Lengthe in Lead
Resently nno experiment has bsen oarvisd out by

Roaser & Swyift (1951) to determine the atteruntion

longthe of the different scris of maclognia avanta

whish oosur in electron sensitive emalaions. The

parposs of tha experimant wna two-rold:=

(1] To compare tho veluss of ":lj. for differont
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whieh imvolve s fmgt oharged Primary particle with
thoss rormed By neutral prioaries. The Tirat group
may be olesaifisd as Op + 1p+ 8F= «un pnd the seocand
a8 18s PR4 304 a0 Hate that evaporation stazs,
i,s. 0m type stars, are axzluded. For cherged

primariss under lesd A, o 405 = 21 g.om o whilsh

rar seutral primariss the walus falls to

";"; » ZEO + 34 g,-nn"g. In air it la expechted that

the two values will be the same. The statistics
plearly show that some ctars holow lead npe prodused
Ty fast TW-mooons. The mumberd san ba obiained From
the dpte given in Tables 2 and 3. It is meon Ghat
tho Tatlc of the eventa Op+ LFp+EP+ One ... b0 A1l
stare incremses Trom 13.1 + 0,85 rfor the mir platoe
to 17.0 & 1.0%, tor the lead plates, giving ot inoromss
af 3.9 + 1.3%, Rosser (1951) has mado & rough oal-
sulatien of the number oOf otars profuccd by fast
x-mesons undar load, assuning that the primeries
aro mbsorbed as aguation (3), that the rato of pros
duc tion of X -messng L= os giwan by the reoent Bristol
data, and that the veluo of 'H'I for W -mescns lo the
lepghh corrospanding %o the goometrlaal aroag-aoetlen.
With rough serroations for the loas af w-mesons by
jonization and goometrical affests tho rosult 1s
agbout 594 . Tals comparss fovourably with the ob-
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tha lower atmosaphers. A similar expari=ent oarriod

out at Bristel ssems to lead to the sams Tesult,

Dombining the two sets of results tha ratic of obargsd

%0 uncharged penstrating-chower pringries under 30 cm.

of lesd i (1.04 + 0.32). This figure i3 greater

than one with a probability of more than 299 per cant.

It is possible that part of the incresss may be
dus to the producstion of pemdirating showsrs by
j -megcnd (Oecrge & Evans, 1950); 1% ia, howaver,
unlikely thet mows than 157 can be dus to this ocpuse.

Bather, it ssems probable that events of the t3pe

Ep+ 3pk. .. ATC peOAtTAting SROWETD S produced by T -mosona.

Beveral intoroeting mechanisme may bo sugpeated.

{11 & T -meeen may bo elastically seattered inside a
nuoleis by a nuelson, both particles emerging with
rolativistic velocities, Such a procoss 1s eneT-
gotioally possible for a W-Deson of SDErgY gEeat-
or than 2 x J.I:'s o¥. The probability of tho pro-
agas geourring cannot Do assosssd ai.nnn it imovolves
tha eroes-section Tor senttaring of W -MOECRE BF
protons, a quantity whish is not Enown.

(2] & N -moson may give s large frastion of ita
coergy to A nuslosn in & nuslous and the ousloon
then glve Tise to a ponetrating shower (Hoitlor

& Jinossy, 1950). According to Oamarini ot
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in shiash an Inaident W-masorn of kinotic
onergy 1085 MaV antarcd a nuslous acd two
W =mosons of snergles 345 ard 375 MeV am-
erged. Another ceage of & Similar kind hps
bean Faported by Goldsack [1%81)] in whish a
negative particle (presumsably & 7 -meacn) of
momentum (1,500 x LE0) MeVie forms s atar
rom whish tRe particles at minimum lonizatlon
BIATEN . Onm of the emergeont particioes is
nagative and of momestum (1,000 : 100 MaVie;
the other 18 at minimim lcalsaticrn, s the
nomentum cemot ba detorminod bacauce of the
shortnoss of the track, Applizption of the
aohssrvation laws bo the swent nhowe that Lb
is unlikely the short fEesk oouwid b A TEoLOA.
It is important to find out IiT 108% T -mascns
opa produss further W-nmosons, for if 4he n-odooss
is a probable one the sosondary productiicn of

nasons within s nualous will Scour.
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Tha toktel rate of stara after correction for back-
grownd retes in the air plates was 9.0& 0.8/a.8. fay
and in the load plates £.96 & 0.00fs.c. fday.

The mttomuation lomgths of tho difforcnt Lypas
of ovants aro given 1n Tabla 4.

Toble &+
Lttenustion Lengths in Lead

Typs of evaot Letanuation length
Sl Ol
All stars 505 + 7
Op +1p+ 20+ . .. . 45 + @
Ing Bo¢ B4 --. 2804 34
2n4 Bp4+ ZO4+Fp— .- 280 -+ 85
({Penetrating showers|

§7. The Ccomparison of ;'.".ﬁ. alid F\I in Laad .
Tk attenuation length for all stars in lead is
305 + 7 g.om®, & value whick agrees closely with those
of George & Jason and Bernerdini et al. {Bea Table 11.
In order to exzamine the poaaivllity of evanta dus

Ko T -meEonE, & 4CTDAT LS00 Ap8 Tean mrRds of avants
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-sorved voluo of 3,87 . Rosser and Bwirt have
found eight sases of fest charged primsries which
could bte identified as ff-mascns prodocing eventa
of the typas Op or lp or 2p. The npomber of atpra
dus to fast T-massns undar 30 con, land i approx-
iestely aqual to the namber of ¢ -mesons prodused
ny W=neaons at Teat. The two ara comparable sinoce
the prabability of a F-mseon stopping in the eml-
Aion 18 of the samo ordor Ae The [robablllity of &
fagt ¥ =moacn glving rise t0 a nacloar intermcotion
in thas amulaian.

f8. Fonotrating Shosors under Lead.

Fanstrating ahowere In the emalsion are dofined
ag events for which ng .‘}E, i.8. avents of tha Ltypea
fn o+ EBp+ 30+ 3ps ... PFor all these eventes the valus
of An. is (360 + €5) g.em™. Taking for A, the
wolus EOO ;.n:m:.'E for ecrresnponding eventa it is sesn
that the attennation is 1.2 * 0.4,

From Tablos 2 and 3 the retio of charged to un-
charged primarviss of panatrating showers (i.e. svants
of the types ng > £} ls 0,86 + 0 31 for the alr plates
and 1.47 + 0.37 for the plates sxrposed under 30 cm. of
Laad, For nucleon gasoades in alr the retio should

remgin sonetant and elose to unity at all deptha in
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al. (1550] a nooleon nesds on the AVETAEHE AR
enarzy of 4 x 10° a7 to give rise %o o penatTat-
ing shewsr. ‘Thas this progess is only likoly
at rather high energiss, Ao éstioate of the
contribution of thie proosss opn b made m8
fallows. It tax besan shown that 4 '.'i"q of all
gtars under 30 sm. lead are duo ta fast

M -mesons. Lasa than 10 % of thoso masons
aTo 1ikely to kave onergios groater than 4 x 107
av. Thosa T=-mosons oould land to 4 sArll in-
oroam io ratic of chergod to uncharged pamotrat-
ing showar primarics, The maximun ineromss Gx=
pacted from this saoss is estimpted by Rosser &
Smift at 20°%, , whish may be conaistent with &
ratle of 1.87 + .37 Tt 16 bardly consistent

with the waluas 1.94 4+ .33,
A W-mascn may give rise %o a ahower of T -mesons

by B multipls prosess in which the primacy )
W-mescn splits up into seversl mescns [(Heltler
& Janossy, L9B0j. This pfmaa might be az-
pooted to cepur ot energies of about 107 ¥,
The most likely swent in the photégraphic sam-
nlsienm would e & star of the Type 2 F . &
possitle sase seems to bave been found by the
Bristol group. 3hls 13 & [(3+ 21} type ster
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