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A proportional counter has beea installed in e. sb..,.ineh 

cloud ebamber with a magnetic field ()f ·6400· gauss. BF '1l3e of the 

propOPti~ e()ilht$" as a s&1t:lo\t® devic$,, pic.tw:-ee <1£ m~~ then 

200 lov en.erg pr<>t·ons have been obtained· in $ time- d somewhat 

over a year•s du;r,atton., bom thes.e the ~bso:luw i-ntensitt <,f th11 

low•enwg J?l!''Ctbtn e()m,pon•ti ,ot eamnt~ . ll's7s ha·~ k• d~te:rmined at 

sea le'1'e.l. A spee~:um of titty electro• result~g from mu....meson 

deeqs has been obtain.eel aa :well a:s ~the, datt\ Qtl m~$ons. 

Ph<>t.bgraphs ot t,pteal l~nEtl'O' pro.t()l;lfJ; •-rnes~n decays, and 

oth• intere~tdng ett"ents are pres~t$d ,, b). ad4ittion s~vera:1 

inter~sting pieturea ~e d!seUst;ted :in detttl:.l. 



TABLE OF CONTENTS 

SECT,ION ;r.rLE PAGE ............ 

I Introduction l 

lI The Apparatus 3 

III Rasults 9 

Appendb ;:, 

Ref~anees 68 



Att.Err a sueuessfbl s~ at high altitude in 1947, it 

was decided to re.inetal.1 tlle s~•Snoh eloud Qh~er it'l th$ att 

~ess~ita.d e·ab:i;n (),f a 8.29 fflJ:' th.$ sttnn!l~ <>f 194$, .. It wat:J hoped 

that by $8' of a mi#e ~etined selsct:t.on devtoe s'Uffici.ent ml;)s@ 

dec•s ~QUUl be seew;ad t() be ahle to ebt~ _e. _speet,:;um .. In 

a..dditioni tt was fe.lt that ~nougb :Q'th$t ~tig,biti(}ant piettwes would 
• • : • • • > • • • • • • I ~ ' • • • 

' ' ' 

dee~ys.~ '?he 11wnh•· _.0£' fli$hts bi l94f/ had b$en emnewhat ~ -e.xoess 

of tw<i> l'el" wEleki whtls $.n l9Ml th~~ vJas liiqs thian ®$. . flight per 
' ' 

w~k end i•v~ai 0,f the~e were of $hott d:cwat!on. , P~heps, it 

w~ b$ _~t VMU~ t" p~i.nt ~t that in the~ ()f 19,48 while 
' . 

the o~ wru1 installed in the ph,ne the ehatnb~ t#J.S :i"$$et ~d 
' ' 

waiting i)Q _t.ake a picture 11s:;, than 0.5 % ef th~ time, whille in 

the operati()ll tn th~ g;,.sund· it l'les been t.ound that th~ fi~e is 

betw·ean 65 .end, ,o %., In $.ddition to this, one muet also rem.•oa-r 

that,. ~en th®gh the ◊ounting rate goes U,p b;r a J.a'rge faetor at 

altitude; pel'!t.:&ntagevise the numbe11 Qf pictures taken at altitude 

or the, type lrth:teh one is atte.mpt.ing to select i~ n03:'tnally mu.eh 

emallE$' ,. 'l.'bi$ is because the accidental eoineidene~ rate ~ia~s 



ahsrpl.l in ap!te ot all j_Feca.utionary measures. Of <;ottt>se this m~t 

be qualified .s~w.t beoause the counting rates for s.ome r~a 

ev-e-4te gtl up from an almf4'st nagllgible number at sea level to a 

n,.~ appr~d:itible number at (llt:i.tude , :P.enetra·ting shwers afford a 

verr good exemple ef th!a, sin.Qe tb~y in«vea~ bJ a faetev ot abau.:t 

,oo be:twe(;llll. $ea l~v$l and :,;,ooo ft. 

Aft~· th$ r$tm"il of the. e~ tq Pas.adena it waa de.oideid 

t;o install a prr,jp<lrJ~fnal ct)unt~ 1tl th~ ohamb~ fOl' •lti'.Ple.vatory 

pu:tp0$$S be~ue~ aa far a& t1:as kn~ tMs h&d Mt betn r,:r.ffltious~ 

dt,ne:♦. fht .. ~$Gw.t$ ~ thls tn$.tal,1id,S..on t.-m the s~b:J$et r,,f tw 

th&~~e ~ ·:~ bi- M, ·Ji~ M~ttt<l) t.z}Ucb d~ v;\.th the ~ba~lor" Qf the 
• •~ _,. ,I I 

te$ults obtained by ii.w U$$ ~ the ¢~se ·of same t~en months 

ot ~s o~t;inuous o~at1Qn as Q.c~d be ·maztntainl3d . 



Since the six .... :tnoh cloud chamber in its. present form has 

been amp:cy, desaribed by n. V. Adams< 2) and ll, R. Rau<:,) in the:ix' 

tbeso-€;11 • it is f'el t tha·t e. lwief mention of sig,nif'ieant changes is 

all that i$ neede4. The m,e,jo'.ll che.nge irom the standpoint Clf 

operation has bean the use of'~ proportional counte:r as a selee-tion 

d~ice fQit e~sion; howevei·, the details of · this form the subject 

of the· theeis ot ii . t, MtWritt(l) and our intereit :in it w-lll be 

limi.ted to . the use· 0£ bis teaUlt$ fr.om. t.bte to t:bne, 

In o:rdai,, to obtain a gr~ata1t useful ,,-~l'Ullle ~ · the ~munber 

it ha$ been daepe;ined some,.Jhat ♦, This was d4?n.e by cutting some of tha 

:t.:ron oft the ba~k pole taee as well a:s by 1)11.ow:tng ·th~ eh8?llbe,,r to 

extend a little. flWther into the oamera elot . The total depth is 

now 6 cr:11 and the use.bl~ (illum.i.nated) depth :ls 4 .,; cm ot uhich 2.-5 

cm. are occupied by the counter:.- The removal of soma of the pole 

taee has reduced the field to a figure of 6400 gauss at the normal 

operating current ot 200 t;Uiip5~- The field decreases by about 10 % as 

o:n8 goee t() the edge of the chamber. In ord(')r to take account of 

this a map ha$ been made of the :f'ield strength in the chamber . By 

use of tbis map the average values of' the field along various paths 

can be obtained., These can be used for computation of the true 
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m~ntum 0£. a pa.,,tiele trav-«rsing the cham.b~. Fot> ·atJ.1 ttaoks 

wl\ieh PlSB tht-~ugb the eente?- of the· counte an averaije fi~ld value 

or 6!.30 gaws.$. ta aee'Ul"ate ti) bette;r than 2 % previded tMt a 

e~~mt1• ~ made fer th& front to back PQI3ition of the tt'a<.,'.k in 

th• <!ltambtiJP. A eorteet1on for the front t~ back pGSit!on or the 

traek ts nee~sa:,;y b♦dause th•e is a dit'ferenct• in magtptieatit® 

~t 7 %. ~~ £rent to back of "the eeunt• $.f weU as ~ dllie:rene?e- 0£ 

ti~ld ot im•t the.· same am~t-

th$ Ugbt $yGt®i. has been modifie(d t.r·• th.a~ det:l~ibed 

pr-ev1e\t.$ly.. A G$bu~J. Eloo,trie ft.,.127 ~h tub♦ .1$ still us~, but 

it i$ nQw niOMt$d ~ . the cutsilde Qt the ¢oils; and tvQ' $phfi:ri~al 

l~es with a ql!.nd.i-t(1&l. t'~f1$'4"b_. \,c;Jh~d the light ~$ U$$d to get 

a ~all.el b~ iii thf ·~• Ree.•t1y .a 'cylits:tical. l,en$$ hes 

b$J$ ~ied with~ ptt'r ot r•flect®'t a..t top a»d bottom as well. as a 

~!~ht a~gl.El· :tte.f.leet♦.r b~hind the ;light,, this t$tlt!l:s to r~ise th& 

light int~tt,y about • irtii>p w!tlt a. sllght <ilee:reas.f) in \$itetm1.ty 

()f llglltinfh Whs film. used is ~#$:Ph J)lmfhl-•tie W'htf)h from 

f)bs~tt~tt ha& a $pead ab.,ut $ eruo~ fa~t• than lbagr,aph •tho­

ein'ematie f~?. 1be light frc,m the flash tube,. The faster speed of 

the ~nt~~Ue t- mve th$n r1ftsets the pellt"er C$n't.t-a:st which it 

possesses. it has ba~n found that ene 0£ th~ most mpbrtant 

••neid~tit)ll$ .!s: the film age. in some ¢a.sea t:ilm has so 

detewiQt'ated that by tha time of itll¾ EJXPir&tie.n date its speed is 
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T~ 9hanibe:r U$SS 'bhe s~ e~ppei," tubttlg ae a Qt>ndUctw •Qt 

th$ c~$Ut and of the ct,O~ ,mt~,. 'l'h!a ra.,t f.W.us.es $()me 

~l.1tlS:Sing P,-Qbl• b~eA\1.$~· the high ~a1 tl®tent ot t he watt;¢ 

all~ a qu!te v;J.~$l'O'i.l$ tlettt-~l.yt1.c e.et.:t.em to iwlte plaee a.t th~ 

tube. ende: d~ ilo VQl.t$ge dit'fet•t~a trrhidb Qre 120 V'Q-3.ts e.t SQme 

Ptl>iAts . i'o- .toUflter~ot: 1hie:1 $ho.rt. s"tl(!)fiS ·{;If eQpper tubuig 1-1W.oh 

,al"~· .~ 1)-•t ~ th• .matn. 't'Ub:a$ and ~~tp:l-llF e.~ime¢t$d with tbt)ttJ. 

JW.V$ ~f$ ~~U~- !ti thi.$ 'ftaf \ht) a'Udl,iQy t.ube1.1 W'bidl ~~ 

•~J)($dAbls f!U'ie •ten ••:r ffll.d -r1, be ~$l)~t$d. witht~t dawage t.o '.th• 

$l'~iball. e~lls., 1:be- d.epo.site f'artned ·by th~ $l$.etto·lyeip ;r.-api<Uy 

~log thfa.' pl~; $%:ld •~-1~& nae $b.Q1i1f1 ttw.t th•• most Qtt~tive l-JSY 

~t el~ns. the- p,tpe.$ is \() ed-.tcrul$t.e water" wJ:th (l bydr(i)_ehlQl'fie aeid 

~.on~••~ta.-011 o.t about a % ~~ugh the. pi.pa$ et a, ~~ture. er 
6() ..-. 7r,4' e" The t~11;1 4l'~ then f~hed -~ . and ·<i\ .2 % ~on:i.a sol~ 

tion •• a$ ~rah.. $oing thl-oUgn tla1$ p-oo.e.dure oo•e flll:e:ty 4 to 6 

WEiel4!f.1 hae Pl"'>fed ~uee~ssM in keeping the pipes clean. 

It we origillaU, hoped that meson inass mea$Uremen.t;:, eould 

l,e m,,.~e by u.se ot the co't$tf!¢' a;s an absQt'ber J hence it was des~able 

to redUeQ arrQre :tn\t-'()duced by multiple s~tt~ing in the gas to a 

~.. Si..nce the aootter,ing :radiue $£ curvature wri$s inv-erse1y 

as the Z or the gas u~ed,. an e.ttempt was made. to uaa ball\lm. r~ther 
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than argon. A compromise had to be effected because traoks in 

helium beeome quite diffuse before the drops have grown enough to be 

photographed, vhile at the same time the ratio of' track intensity 

to background is much poorer because of the decidedly smaller 

number of ions produced along the track,_ A mixture of 1/4 argon 

and 3/4 helium at 2 atmospheres pressure. was found to be usable, 

although not as satis.fa.ctor.y as helium fi"o:m the scattering stand• 

point. For a 50 Mev/c me.son with a track length of half the 

chamber the probability of a 500 Mev/c multiple scattering is 

0.006 % in the mixture as compared with 5 % in argon. U.) Another . 

we.y of viewing this is to say that there is a 5 % probability of a 

1000 Mc:JV/c multiple scattering in the mixtur$• 

The mixture has the disadvantage that the photographs do 

not have as much contrast as those ~d th pure argon and the track 

Hidth is hill again as wide and hence not as easy to measure vith 

the comparator•· The mixture has the advantage that it seams to 

give muoh better results with the stationary atmosphere technique 

than a:rgonJ but most important is the fact that in tb.e mixture . 
tracks do not become conti.Duous until they ionize in excess of ·l;en 

times minimum; thus allovrlng good estimatee of ionization up to 

this point . In argon tracks of three to four times minimum 

ionization are continuous, and from there on up estimates of 

ionization are quite diff'ioult. 



The ~hoite of an. t\DSOl!"DElr :t'~:r the ¢l;t$.nbew ~ dietatt:1d 'by 

the faet that, if !J¢i:ss.ibl.e1 it w~~ de!ili:rej t!i1 (>b$$1'\i'$ 1\Wl~O~ <ieeJay 

eiectr~a. 'l'f> $'eduee radiat!® t;Q ~ ~ an i!\b.sbl'~ ~f lQJlr 

et&rtli~ ll\'tmbw wtlJll nse4ed; hene(J al~bl}ll wt$ u;eed.~ SM!®., it m:i.a 

· i 111 .......... al · t.. •,;l ~"'-"'·""" - ~ • s .· . · · · • e t;;,J ;.,.,.:t.;i be . (1 · m,. g'll4~'Y .· .$® uQPi-.. w~v $1 . son ma_ a ~~a~em JiL.,,, (hi,~ • e 

b:om \be eh®l,i~ ~ ~"l\e~tu.n t£ tha me~®$. upot,t pa~~~ th:toagh the 

~~t~; · ~$ •was ~- limit ~~ the ~e-t- ()f gm/~! wni¢b et>ttld b(1 

~$d* It wo'.Uld he mi¢~ w ge·t a~ ltwg¢t f!1 eb$11ga in -e-~\i'atu,$ ae 

po$.s-1b:I.~ as; w~:U ,a~ th~-~•~ n~e\r $l o.b$ew1fii'ba.e mee.~na f hu:t 

,t,\;.,;t · . $ .,.,.....,~ - . ~t. , . · ,.,4-l, . . • • _h • . ,.,. t .. , ,1;_ lfi,ib, ,'n . . -t;.,.1c.p· (>iii .i.t..- · v~i- i'l. n --~~ Q,lii1$ r ...... ~us. ()..:.. -~ >;;~ '.'Qr$ ~ -~ . -~ up;,(:'at"' ,~.·- .ii, • - w~e 

.¢1'.l:eunl;l~ s~ h;tgh that th~ a¢¢~a:¢t ~!nea ~ •().m a ~ ge ¢~e ot· 

¢~va$t:we e$1 be iQat 12:l th~, t®ea~aet ·al'i~~ 6,wn the inability 

to ~ee\.W~te1y,- l'fl.Q$.$1.tt'~ the eurvert.n;re,. Xt viUI ~-• •idJad that in. vicaw 

ot all. ~ens,id-e~a.tio.~s $ . d~naity et about 1· 'g$/tp.r,.2 would bl;l best .•. 

A$.tually tbe $1Be alwnbum a'U'talable re$1:llt:ed i:n ati. abs~'be.t thiclt­

l$:$$S ;)f O .,,89 gm/em2 . 

A el91.id eh~ wM.~h ~$ W1$htW to \WEI· t~ high ~$0.utae;y 

mom$ntum dEltet•~t:tons must he, bee -~f 4ist:()riiaan., lt had 'been 

foun~ bl. th$ ~at that the si:x;-inoh <;:hMbw wae indeE!d g~d in tbie 

:resper.rt; .however, ~on installatioti Gf a c,ounter b the eh$nb.~r, 

the- ;pr·9blem beea.nie erunewhat ~e,e f'Qt' tw r ·ea-s()ns. F~~t, the 

t:ra.ok length a•$iltlble fO'I! measurement ws ab~t 40 % of that in the: 



due both tf> the $et.ting up 0£ add.it!~l et)nvectit>n curl"snts before 

ths e~i~ $nd the new ~o.ttlet.wy uhieh iLe ertordad to the­

e:nptmtllton iy th• oQMtel!,. I·t has keen found that by use qt a 

heate:t" 0:t abo~t ,ne \enth d ~ \mtt on tQJl o.t the el'u.mmel?' a ata;bl~ 

atnltttiiph®t''e wtth a t~atw~ dit'f'ete,n\ial of 0*6/J c &om, bottOllt to 

te>l) c• la$· $t'i rup br tha ~~. In thi$ way ooe -can e:l~ts 

dis:t.illrtioni3 dua, ·~ eonv8~ta!l>~ QUtTen:ta '1hic.h m,e 1n the ehamba, 

bet~·e ~eiien ~, at the $~ tbi~ maf.ntain a tempea\tn-e 

dU'f'~~t~ 1ilhteh lt n.~t o.t a ~g~ enm1gb ~grdtu'de to- adv~s~:'cy' 

~fact the $t\pl!ti',ta'W:r1;1.tion nt~ the t ·Qp f)f the •ambw, b oI.idw· 

'ti~ .o.v.ar.eo~ trh♦ 4Uta:el11 t.ts~ du.e tt>, the ~ ge.$S,~y., :en,$ tnu$t try 

tQ -~., the pii3tur~. s$ at).ou aft&r th& ~n$ion as poas!b1s. For 

th;te tt$as.on the eh~ll~ ueo a't'nl~l.ute- et}w-l. aiQth(J.1 \4hosQ dJJe.ps 

#~W rn.u,e,~ ,~~tef t~mi;. <>Ul" own ~bs~tton~ (l.3 time~ ae f'as,t 

q.ee•d-~ t<# l&aiu~t(;) } ~ thQ$0, !,lf· the .3.$ % ~t.et-1 6,5 % e-tny-1 

ale.®-Ql . mhtu;-r;> lthi~h is prefen-$d by ~ beeauee ot !.ts l~w~ 

(;l&pMSiQn t''eiti~.. ©tw· exp11;mi•e'6 has beel'i that tb~e ie ~ mwe 

ts ~ ta g$tting Ji<:1 of di$tcwtion bf t~ing the: ptetnres faster 

tne.n 1$ lost by tb:e greater turbulen~e ef an ~ansion wh!eh is 

lm:-ger 'bf sQJ.aa $0 •♦. 40 %. 
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III: RESULTS 

The sea level flux of protons with r anges between 

2.5 and 15.0 gm/cm.2 .of air v 

Ever since t he first Wilson cloud che.mbws were built for 

the purpose of studyillg cosmie rays~ one finds mention of oecasional 

particles ·which were identified as protons. · Few indeed were seen 

by early Qbservers, but Anderson(<>) . and Brode(?) in 1936 lrare each 

~ble to report an appreciable number . · Tbe most ·that early observers 

were able- t() sa:y was that they were very sparse and constituted a 

minute f:raetion of the tot.al co-~ic ray intensity .. • In 1940 

RoohesteT and Bound(S) ~eported expE>riments at sea level which 

gave a rough indie-ation of the intensity of the proton flux . At 

the same time- by placing 20 cm or lead over the chamber they were 

able to :rea.eh the conolus;i.on that because of t he 18.rge reduction in 

proton flux (actually becausa they observed only eight protons with 

out lead and one with lead their statistics were rather poor) the 

lead either strongly absorbed the prott)n producing component , or 

lead was not a good medium for production of protons; and in any 

event they eoncluded that these protons which they obse:r•ved could 

not be primary protons since ther e is no reason why their nuxnbers 

should be radically different at depths of 90 and 110 om of lead 

equivalent~ Leprinee-Ringuet (9) and co-workers in 1945 measured 
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the intensity at 1000 meters and with a somewhat larger number of 

protons arrived a.ta figure of proton flux Yhich was comparable to 

Rochester and Bound!s . Adams(lO) in measurements at .30,000 feet 

obtained fifZ'U.res from which one can estimate the flux at sea J.eve1 ,., 

by extl'apolation on the as:w.mption that the absoi•ption eoefficient 

is 125 gm/am2 and ·that the sha:pe of the spectrum does not change, at 

lowe:r al ti tudas.. Sinee the absorption coefficient's value is only 

tentatively estimated; and the ext,l."apola.tion ia over se:\raral 

absorption lengths 1 tha value so obtained for the flux at sea level 

must be :regarded as a first appl?oximation. However, acco;!l'ding 

to Rossi (ll) the three experiments above form the best present...aa.y 

(1948) determinations of the proton flux of cosmic rays a.t sea level~ 

During :the operation of the six-inch chamber with a 

proportionaJ .. eounter in it somewhat over 35~000 pi<!tures have been 

taken in a .sensitive time of approxima:l:'.ely 5 ,ooo hov.:rs~ For a 

variety of reasons, such as itisufficient light, spm>ious .flashing 

of the tlashtube, faulty ope.Y'ation of the proportional counter, ate.; 

all. p$riods of operation which f o:r· any reason eould be suspected as 

not being indicative of normal operation have been eliminated to 

leave some 30,000 pi ctures in about 4,000 hotn"s £or selection. 

The ehambe:r was fired upon the passage of a particle 

through two coincidence eount€It"S above the chamber and then its 
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subsequent passage through the propor tional counter in the chrunber 

with an ionization in axeess of a :minimum amount determined by the 

electronic ol!'cuits .. At all ti.mes during which this data was 

eolleot$d the el.oe:tronie eireuit s were set so that the cut ... of .f· 

point corresponded to an ionization or 2 t imes minimu.~- A proton 

or ;oo Mett/e has an ionization. of 3 times mini.mum; thus it is 

asswned that the probobility of not counting a p:ro_ton of 500 l'l/.(SN/e 

i.2 negligible. It 1s possible to do this, because in contrast to 

the slow t ail ... ot'r of ionization on the hi.gh ionization side of most 

probable ionization the tail-off on the low side is very abrupt(l) • 

The lower limit af 185 Mev/c below which no pt"etens shcmld 

be seen is set by the thickness of the upper u~ll ef the eount er. 

Pictures should. be t aken with a very high degree ot eertaint,y of 

all protons of momenta between 185 and 500 Mev/c which pass through 

the eoinaidanee counters above the chamber and than go tb:l!'ough the 

propo-rtional counter in -the chamber,. Pr"Otons o:f' this range of 

m.otnanta ~e easily identifiabl~ because of the. tact that their 

ion1.~a;tion is significantly different f'rom tha.t of acy other, known 

particles . 

For the caleulat:i.on of' the proton i'lux only tho.ea protons 

were ttsed which when viewed in stereo went through the eoincidenee 

counters as well a~ the proportional ci::n.m:t.er. This criteFion 



- 12 .. 

removed seventeen protons which were associated w.1 th showers but 

could not have gone through the top counters, five random protons , 

and eight protons which were associated Yi.th stars occurring in the 

material (2.1 gm/cm2) between the top eoincidenee counter and the 

chamber., In all the pictures only 011e particle was seen which was 

identified as a proton going up, and at1tong t he more than 200 tracks 

identified as protons there were no other cases that were even 

doubtful~ lt should be borne in mind t hat the counter arrangement 

would eut of£ at 285 Mev/c fo:r protons going up. For protons going 

down it is found that half' the protons have momenta in excess of 285 

Mev/e; so one is prabably justified in saying that fo:r the momentum 

range 185 - 500 Mev/c the flux of protons going up ia certainly not 

much greater than 2 % of those going down, 

In 3207 hours of operation Yitb no lead above the chamber 

118 protons were observed which satisfied the above requirements; 

This is to be compared ·with 26 protons obtained in 847 hours under 

the same conditions uith 10 em of lead above the cha.."llber,. It is 

fou..t1d that there are o.0.36 ±- 0.003 protons per hour without the lead 

and 0.031 ± 0.006 per hour w:tth the lead. Without the lead 68 % of 

the protons have momenta less than 350 Mev/e compared wit,h 65 % with 

lead. The results give a raw data f igure of 2.96 x 10-6 protons 

cm-2 aee-1 steraa-1 with lead and 2.47 x 10..-6 protons cm~2 sec~l 

sterad-1 with 10 cm of lead above the chamber~ It is to be noted 



that thEl counting rates are not significantly different statisM.eally 

and certainly gS:v$ no hint of tha radical transition effect observed 

under 20 em of lead by Rochester- and Bound at sea level end app&"ent ... 

1y con.fit-med by Powell(l2) in experiments at 14,.120 ft. with the use 

of lead plates in a. cloud chamber . 

No large fraction of the obse--!'ved protone QM ba attrib,t,­

uted to the. slowing down of high energy 1:wiltons (g.ree.ter than. 150 

Mev); for, if this were the case, in '7i&w er the' spectrum {Fig. 3) 

* whi.eh is sharply peaked at the eut,..o,t'f point. at the low end , one 

would e~eet a d:unin1i.tion by a ta~tor Q£ .g:ire~ter than teJ1 in ·the 

numb$?' ot protons ob$~ed -under the · lead-,: The ieotropio aaguliar 

ciistribution (Fig. :3) also supports the above conclusion, since high 

·energy pro-tons are ob.serveQ in emulsian work to have a diatributi.on 

which is peaked in the Ve.t'tical direetion(14) . 

Since the primary purpose of the present axpert.11ent was ti> 

obtain the absolute value or the proton i'lux at sea level, the data 

e>btained without lae.d must b& eorrectsd far the average value of 320 

{!!1J./c.m2 of cement il1 the build,ing above the apparatus. Cement pre• 

domi:nantly oonsists ef elements of law Z; in faet the average Z tor 

,,t • 2 . _ ·~ . • . • .. : . - • .' . J' j . : ¢ • - F . 9 • · . . • . ., - • • ' . - • . . ~. • ' , . 

The presel')il:i;peetrum is ::m substantial agreement with that obtained 
by Widhalm\ J in 1940 ey use of pbotagrapbi.e plates. Mia spectrum 
e>t 372 p!'otons obtained at 31465 met01:"s showed a decided peak at 
l.4.5 Mev. 
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cement is less than twice that for air; hence it is assumed that in 

absence of evidence to the contrary there is no large transition 

effeat in going from air to cem,ent. (By exposing plates at vai·ying • 

atmospheric depths Lattimore(l5) obtained an absorption coefficient 

of 190 gm/cm2 i'or air and by burying the plates in a gla.c:i.er at 3600 

meters he obtained an absorption coefficient of 196 gm/cm2 for ice.) 

Thus the data is corrected by use o:f an absorption coefficient of 

190 gm/cm2 for the cement above the chamber and the fact that 

Pasadena is not at sea level. When this is done and without· con .. 

sidering the 2.1 gm/cm.2 bet ween the counters and the chamber,. one 

qbte.ins a va.lue of 1.-3 x 10'"'5 p:rotions cm•2 seo""1 sterad"'"1 at .sea 

level in the momentum range from 185 Mev/e to 500 Mev/eli 

* . 
From the uncorrected (Fig., 4) range curve it is fou..l'ld that 

a.I _.B,_ 2 
the integrral range spectrum has the form N -=- .iv0 .e 6-J ( R in f]J11/¢m ) .,. 

From this the QC))nclu.sic>n can be draw the,t 28 % of the pretons which 

are foUlld below a 2.,1 gm/em.2 absorber a.t sea level are produced in 

it. To eorrect the data for the particles which are actually incident 

on the counters, an estimate must be made of what fraction of the 

pro.tons whi.oh ere observed in the chamber were produced in the 2.1 

gm./cm.2 between the counter s and the chamber; and indeed produced 

such tha.t th~ counte1:·s are set off.. If pictures were obtained of' 

It turns out that the U."lcorrected and the corrected range curves 
~e the eam.e., 



all of: t;hese protons; the figure would 11e 28 % ; however 9 obs@l'Ve.t:i.ons 

show that approximately half the s·tars ( sinee the mean range for ·the 

protons is so shot"t we assume they a.re predominantly produced in 

starg3) are produced by neutral particles(.14). If' one. also not~s 

that the radiation which produces stars is thought to be isotropical­

ly distributed. at least within fifteen degrees of th.e ·vertica.1(14), 

then it can be concluded that enly a relatj.vely small i'raetion of the 

ionizing rays which produce stars would cross through the counters ~ 

'l'hen too, one must rem.ember that 8 pr-otons from obvious stars in 

the 2 .• 1 gm/em.2 have bean disca:r•dad. If all t a facts above ar~ 

considered,, one can conclude that the number of false a.aunts eettainly 

m.uet be less than 5 %. As additional proof of this faGt it was · round 

tha-t in t he course of operation thore were observed only t:r.ree 

protons whieb were formed in the top of the ,counter (0~45 ·gm/om2), 

and one of' these was in a star which; if occurring in the glass above 

the chamb~, would have not been counted~ It one again assumes that 

half' of the protons are produced by neut1>als and · considers the solid 

angles involved, one can set a value of 3 to 5 as the maximum number 

of protons which are observed which were formed in the 2 .. 1 {!JfJ./cm.2 .. 

Since ether considerations introduce ro.uch larger errors., the err-or 

introduced by the 2.1 gm./crm2 has been neglected~ 

Thus it is assumed that our distribution must merely be 

shifted 2 .. 1 gm/em.2 to get the corTect one, The effect of this shitt 



is to quite radically alter the shape of the momentum spectrum (Fig , 

1 and 2) as well as to shift the points strongly towards the higher 

end e.,apeeially in the lower range . The energy spectrum (Fig . .3) is 

less severely a.f'fected and the points merely shift slightly tow~ds 

the high end. The ra-nga spectrum is linearly shifted by 2iil gm/c:m2• 

Because of' this, it is £el t t.hat gi v:tng the flux in terms of the 

range inte:r--val is probably t..'rie most satisfactory~ When this is done, 

a value ef 1-..3 x 1CJ5 protons cm-2 sae,,..1 steraa-1 in t _he range 

interval of z.-5 ·to l5j!O {!}J1/cm2 of air is the result, This gives 

.6 . .... 1 ~1 -1 a val:u.e of l.O x 10 • protons gm . see sterad as the average 

differential valu@ of the px>oton f'ltuc in the r ange interval "between 

2~5 and 15.0 gm/om.2 • . This value is some\.7hat b1.gher than the values 

given by He-ssi (Page 1-8); but it must be remembered the.,t his values 

era fo:u pi'ot0ns of great-~ Fanges than thoaffe) of the present expeF:im:ent . 

'l'be conelusion is that at least 95 % of' the protons which 

are observed t'l!'e produced with r anges less than 25 gm/om2,. Since 

there is n0 la:rge trarisition effect, one must also conclude that 

either the production of protons per gm/ em2 in lead is not very 

different from thut in ail' and at the same time the proton producing 

:radiation 0:x:hibi ts no tendency tm,.,ards :preferential absorption by 

other means in lead, or that these t wo e.f.':f.'ecrts have a characteristic 

behavior in lead such that the combination oft.he two tends to give 

no large transition effect. 
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From emulsion work tattimore(l;) comes to the conclusion 

that the great majority of the low energy protons do not come from 

the cha:raetettistie protons ot energies of loss than 15 Mev obsertred 

in stars"' Re, concludes that. the average production ene'!'gY' of the 

p!'otons is about 32 Mev (his plates a.re not sensitive above about 

90 Mev) , and that what is observed is these pre-cons .:~f'tet> they have 

been slowed down. B~cause or the fa-et that the c-u.t ... off due to the 

top wall thickness of the- counter is at 18 Mav, one can only say 

that the present results are consistent with this. 



TENTATIVE ESTIMATES OF THE NUMBER OF PROTONS 

111 VARIOUS EMERGY RANGES* 

Range Interval 
in gm/em2 

Unit 

No~ of Partiel~s cm~2 seo"'l .sterad"""l 
6 < R < lOO 

No,. of Particles em ... 2 see-1 starad-.l 
lOO < R < 1000 

b perimental 
Ini'QJ,"mation 

10•2 at 
9000 m 
(Adams) 

7 X 1~4 at 
~00 m 
(Adams) 

Adopted Sea 
Level Value 

DU"farentie,l 
Range Spectrum 
at R • 20 

gm•1 eee•l sterad~l 5 x lo•7 at 5 x 10~7 

Differential 
Rangi, Speetrum 
at R: 100 

sea lwel 
(Roehest(!)r) 

gm•l soo ... 1 steraa"'l 4 x 10-7 at l .7 x 10·7 
1000 m 
(Lep:rinee-Ringuat) 

Ne. of Pat'tieles cm ... 2 aec""l sterad-1 3 .. o x 10-6 
2 ~; < R < 15 .o at .Pasadena 

(Present Data) 

*The four first estimates were taken from Rossi{ll) 9 He 

used an absorptien eoeffieient of 125 p/om.2 to o-bta:tn the sea level 

values. In the preoont wQrk an absorption eoeffieient of 190 gm/cm.2 
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Dua to the aArtremaly small size of the chamber and the 

small amount or material in it one needs a very selective device in 

order to obtain any quantity of decays. Upon installation of' the 

proportional counter verification was obtained that this ntode ot 

operation would be favorable to the selection of' mu-meson decays. 

A year•s operation has resultatl in seventy mu-meson decay photographs 

of which fifty are usable, 

In obtaining the deeay spectrum the requirements have bean 

set such that an electron traek of one inch length is required, 

This is to rule out the possibility of ni;-,t using high energy traeks 

because their energy is not measurable, while at the same ti.me using 

a low energy track of the same length. No tracks have been used whan 

the correction to the electron energy was great.er than 4 Mev for the 

material which it traversed before appearing in the chamber. The 

eorrection for the energy lost before appearance in the .chamber was 

in addition to the corrections previously applied for position in 

the chamber. By use of' the stereo v'ie:ws the tracks were corrected 

where necessary for motion perpendicular to the plane of the eha~ber. 

A decay spectrum obtained by use of a proportional counter 

has the desirable feature of not having a. cut-of£' at either end of 



~btain.ed in this way will eooo t:rom. chamber geometry. :Since the 

m~s0n1a, deeay 5-n an a'bs~ber$ there is a. pmssib1lity t1>£ n;ot ;r'9Cord ... 

itrg VG~y lt?W ener-gy deeaysi howev~, the i'aet that ne d~ea-ya ,a1re 

eonside<i!d t\fllaijh :req_u.il'$ s ~or11ection of g:teat$1" than 4 Me:11 reduces 

this $!gnil'ie:antly~ The etfeet ef chamber geometry has been 

elim5.n~ted tltt-ough the reqd'r~ent of e track len~ Ul etKCess Gt 

an inch. the ab~'\te eonside»ations would seem te ~ it 1>aeusonable 

to asiS:um& th~t fiW\i'tema-tie ~ors haw been eliminatM. The ·8"'~ 

.in all d~tay r,nera measUl'enwnts 11ft taken to be l½ t-iev ~ 5 % ot 

the ene:cgy whtehev~ ie the l~·g~l' • 

The S:p$Ctvum ()bta:ineti (Fig,.. 6} shaws a lack ot deoays in 

the· :range al ~ ;,3© Mev;, 'hl)t-1evep, due to th& re.th~ small number Q£· 

eases, abserved. in .~ • int~al~ one has difi'ieulty saying that thia 

gap is statietioally ,eignif1eant, ©th~ deoay spee~ume, BU.eh as 

those ot Le!gb.tGn(l6) !$: &1i and Davies(l.?) J! ~. would lead Oll$ ti!> 

beilleve in a m~e nntf<>n1 d.1.$-'tributi® of tbe energies ef tht decay 

~loott<-onfl.. Je$eihl:Y' it i$ noteworthy that when teightsn !).! .§1 

obtained the.tr dt.etl\Y speetrum they (ibserved i:nuch th$ same phanGmenon 

in their tbst. t~ty,...odd .eases . The, present $peetrum has an &Ve'."t~ 

decay energy ot 3~ MGV as eompatted with the v-alU$ of 34 Mev in tl1e 

previous w()rk• :tt is to be noted that there is one daeay at 62 Mev. 

This would seem 'tro s!lew that decay eleetrc,ns mus.t be emitted 'With 
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energies V€fry net:W to the maximum possible, Since this is a positive 

meson, it could pick up some energy in leaving the nucleus in whose 

vicinity it may have decayed. This and the inherent error in 

measurement ,could reduce the value to 56 Mev wh:i.ch is not in bad 

Qgt>eem..ent with the maximum va.luQ or 54,5 Mev obtained by use of 212 

m8 as the mass of the mtt-n1eson . 

There is no good .~ m;iot; reason for not accepting this 

spectrum s:tnee it has almost the same weight statistically ·as tha 

pl,'evious $pectrum; and, if'' it had been observed prior to the other; 

it would have certainly haen given ·a. certain crEldene.e; however, it 

is pr~sented. only beceuse it la felt that some note should be made 

of its existence.. It is not offered in the a·ttem.pt to prov~ a..'iy• 

thing about the true: shape of the spectrum· ether than that lt i .s 

probably highly desirable te obtain a decay spectrum of some one 

thousand ea.sea before saying that, one theor,y or anothSX' ii proved 

Ole'. disproved • 

From the photographs one is able to obtain eome other data 

on mesons, wi'lich while not of primary i mportance, should possibly be 

noted in passing. 

In a period of .'.3207 hours, li,6 cases ·were observed of mesons 

which stopped in the bo·ttom of the counter . Since the ionization of 



these would be expected to be .3 ta 4 times minimum on passing through 

the counter gas; the counting efficiency should be very high for them 

(the sam-e argui,,ents as were _previously used for the .3 times minimum 

protons can be used) ; hence an estimate of the absolute L--itensi'ty 

0£ mesonti in tbs momentum range 37 to 45 Mev/c can be made by use of 

this data. A figure of 2.5 x 10""'6 gm""1 see ... 1 sterad•l i.s obtained 

for the differential range intensity at sea level with .:320 gm/em.2 of 

absorber (cement) over the apparatus , This is smaller by a factor 
~ . {11) 

0;1. t wo than the value given by Rossi • 

For the total operating time 57 mesons stop in the bottom 

wall of the oou.nter, 34 of these are positive and 23 negative. Of 

the positives 21 are observed to decay and of the negatives 6.. The 

proportion of positive decays observed is what would be expected 

from geometrical consider&tions. Ii' one t akes the positiv-e de-cays 

as a measure of' the number of decays which one rails 'to observe due 

to geometry,· then the fraction of negativ~ mesons which decay is 

0 4 42, This is in agreement with th.e value of 0 .40 vhieh is given 

by Ticho(lS) as the fraction of' the negative mesons whieh decay in 

aluminum~ · This would seem to show the invalidity of Chang'fs(l9) ~ 
prior;1 hypothesis that those mesons which show a decay in very thin 

foils in a eh.am.bar are positive and tho-sa which do not are negative. 

'.i'hi.a assumption was given some plausibility at the time because he 

observed about equal numbe:rs of mesons whieh did and did uot show 



deeays upon coming to- rest in an aluminum foil. The point is brought 

up beeause Bradner(20) in his reeent monograph on artificially pro ... 

dueed masons says: ttffowever, it }las been shown by Cheng that charged 

particles are rarely if e-ve.n· Gmitted when :tlt!)gative mu-mesons aI'e 

stopped in nuGlei from Al to Pb 11 , and e:ti tha. same time gives ref'erenee 

'to Tieho t $ WQrk, 

Sinee mesons of 70 M@f/<J are ionizing in exeess of twice 

minimum, it 11as f'elt that they could be Q:.istinguished from elc-:ietrons 

at moment.a less than this. By thi$ means one can separate out mesons 

be,tween 37 Mev/c and 70 Mev/e (.37 Mev/e being the lower eut•<3i'f of 

the counter);, When this is done, it is• found that there are 11~7 

poeitive mesons and 128 negative mesons~ which confirms previous 

r·esults(l.8) which indicate a slight positive excess for low energy 

mesone. In the above, due to the setting of the firing point of the 

counters,- a ce~te:tn number of ·t.he mesons in this momentum interval 

have been missed, especially near the upper limit . Nevertheless it 

w=i,.11 give a lower limit to the absolute flux. This lower limit is 

l 8 ,,0·""6 ""1 •l t a-l h. l • i t ' 1th· th b l +-. ,. . x .i;; . gm. see· sere . wic11seons·s·em:;w .. ea ·sou~ 

value of .2~5 x 10-6 gm ... 1 sec-1 sterad-1 obtained above,. However, 

this is but a thh>d 0£ the value whieh Rossi•s(ll) curve gives , and 

it is hard to believ~ that the counter hes been so biased a.a to cow;rt. 

only one third of the mesons in this range. The data is more in 

agreement with that or Wilson(:2l) whose values are considerably 

lower at the low end than those of Rossi ' s curve , 
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I..nte:resting Pietu,r<iJS 

• lllustrat;i.ons 5, 6, 7, 9, ll11 and ;I.2 were abt-a.ined with 

the ehambar filled with argon at t.wo atmospheres. All the othat> 

illustrations were obtained with a mixture of 1/4 argon and '!1/4 

helium at, a total pressure of ·two atmospheres . In o:rder t(!> aid the 

f'~de;r in following the discussion of the pictures; several um. .... 
ve:rsal curves relat1.ng momen;lmm, on<)rgy, :r;anga~. end ionization have 

,, 

been added at the end_ Since the rest mas-,s in Mev of a Xl}.U.-meson is 

quite close to 100, and that of tha proton is :reasonably olo$e, to 

.1000; on~ ean use these graphs directly fo:,r reason.ably close approx­

imations by merely getting the decimal point in the correct~ plaae~. 

Illust, l shows a typical proton· ,,or 225 Mev/e pass-tng 

through the oou,nt.er . 

!llust. 2 is a p)!'oton of 21~ Mev/e which stops in the 

111-ust", il:S th& only pl'oton .found 1n thls set of 

Illust. 4 depiet.s the one star whieh oeeu;rroo in th.e gas . 

Fe'Ur heavt~ ionizing and two minimum ionizing particles appear . 

lllus·t ... 5 pt"'ese:o/t;S a positive mu-m.eson '.Jhieh goes through 

the ~ounter and than decays in th('i b0ttom of the chambel"., The 



electron, which is ta•h1tly vislble, goes almost straight back, 

lllust. 6, 7 1 s, 9, end 10 show ·typ:ieal mu.meson decays 

in an a.bso:fbar., 

IllufJt. U depicts the production of t'lil'O' pai.ll"s in th~ 

eQUntea- with no other tracks vieible. The energief.:I from le.ft to 

"1'tight al'& 7'51. 150~ 6o• aJO;d 200 Nev. 

!llust., 12. This negative track shows a mmnentum of • 

39 ':!: 5 Mefl'/e and an itl>ni~atio11 o.f less than tw0 times minimU\D a'bave 

the countex-, b@low ·bhe eo1.mter it hae a mo.m.ent um of' 40 ± 5 Mev /e 

• and an i~~ati~n ot three t:lmes minimum.. It shews an appar-ent 
,"·· 

seatte.r-ing t:tw-.6Ugh ·an ~gle of $'7Q. Sinee the track latigth is sc 

sh~t after seatttn"ing, all tha·t can be aa:i:d is that its momentum 

is in exeess Gf 30 Mev/e •. The track seems to show about the same 

io:nizatiQ:n be£ore and after the bend1i although the :toni~ation m.ay 

decrease somewhat after the bend. 

If one considers ionization and momentum as well as rang•, 

this cannot be a pi-meson above the counter . I£ it is a mu ... rneson; 

iCllizati.on, ll1Qmf,ft'l'tum1 and range are not dons.istent by a considerable 

factor a:bQve the c()U.."lter. BelOl-1 the counter and before the 

seattel'ing it !i,s per.featly consistent with a mu-meson. By 

st.retching things considGI."ably 0ne could say that this is a mu.--mee<m 

which comas in, goes. through the counter, and then suffers a larga 

angle ~ca·bte:ring in the bottom of the chamber ~ 



A preferable explanation is to say that the particle is 

going up. Then one can say that the particle in the top i s the 

decay electron or the mu-meson in the chamber bottom (if going up 

the ttttll""meson should have decayed in the uppe:r counter wall)• Then 

the only question remaining is what causes the change in direction 

of the particle in the lower ha1£ of t he chamber• There are t,vo 

possibilities, a scattering of a mu-mason or the decay of a pi~meson. 

Sinee a pi•meson of some 65 to 70 Mev/ c and ionization of about 

three times minimum could decay into a mu-meson at this angle, the 

intar~-atation of the picture a.s a pi...meson, mu-meson, electron 

decay is probably preferable. 

Illust,. 13,. A positive particle of a.bout two times 

minimum ionization enters the ehamber , an~ then passes through the 

counte-r"' Below t he counter it. is ionizing.about three times minimum 

and has a momentum of 53 ± .3 Mev/c. Just above the bottom wall of 

the chamber a particle of min:i.mum ionization is seen to go off at 

e slight angle with the original track. 

This picture can be interpreted as the decay in flight of 

a 53 Mev/e mu ... meson. 'rhe ionization both above and below the 

countete is consistent with a mu-meson of -this momentum., The 

change o:f' rnoment Ui"B upon passage through the counter is consistEmt 

with a mu...meson. When viewed in stereo, the angle at which the 

trae,ks diverge is in excess of 600 ~ It can be shown by a. straight 

forward relativistic calculation that the maximum angle at v1hich 



a p:l,-mu•-meaoti.deca.y ae.n take place in the laboratory sy$'tem is 
• -1 '3 'L 6 p 

given by 0 ~ s I '1-1 p . , 1,1here is the momentum 

o-i' the p;t.-meS()ll in the laboratory sy@t~.. This leads to a value 

of /.,,ff/" as the maximum angle possible if this is a pi ... nm,...m,eson decay .. 

With this poas.ibility ruled out a mu-decay .in ~light seems to be 

the most rea.:sonable ~lanation._ 

Illust. 14.,. 'Il'aek A (upper laft) shows a momentum of 

95 !' 20 Mev/et an ionization of' about minimum, and a positive 

charge if going dot>,n. Track B (upper right) has a momem.tum of 

115 -t 10 Mev/c, a.n iQn.ization of:, to 4 t:imee minimum, and is 

n~gativ.e if going do:wn.,, 'l'l'ack C (lower left) i-s essentially 

stl-aight1 but 0£ $U<:h ionization as to leave no doubt tha.t it i s a. 

pJ'."eton if !t tea known particle. B is the only pal"ticle which 

could have tripped the eoineidenee counters •since A is inclined at 

a oonsidel"able angle to the plane of the chamber ., 

If one takes the momentum a:nd ionization of Bat face 

value~ there :results a ma.as of about 450 me• A is probably an 

electron, althoagh there is some small possibility that it is a 

mu-.me,son . S~ee B cannot b~ a mu.--masoxi or a proto»; it muet, (if 

a known particle) be a pi-meson; howevEn" 11 sine~ ita :r;,ange would be 

fa? greater than the ~;p lrtall thickness or the counter, one tvo'llld 

have to say that it ·we seatter•ed along the wall if one wi.shea to 

.call this the star a.t the end of a negative pi .. mest>n. 1qone o.f the 

protons observed in the chan1be:r at great.er than minimum ioniaation 



showed a:ny nuclear interaction; so it is probably reasonable to 

:eule out a pl'oton coming up and causing the event. The eonelu.sion 

that is probably most :reasonable is that an unseen partiele ea.uses 

a nu.el.ear disintegration in th® top wall of' the counter. 

lllust~ 15~ This positive track has a. mome;t1tiun of' 

lOO ± 20 Metf/e and an ionization of' .2 t:0 3 times minimum ab&ve the 

counter. Its momentu.m is 85 ± 10 Mav/o and its ionization 4 t.o j 

ti.mes minimum balov the counter. The particle shov1s what appears 

to be a ~eat·tering about l em above the counter , If a seattering; 

it would not serious1;y affect the momentum beoause it is of such a 

small angle; howevej:,' it could be interpreted as a decay o The change 

of momentum and :i..oniz.ation of this particle during passage through 

the count~r are both consistent with a mass of 450 m
8

• The momentum 

end ionization in b0th the tep and bottom are also consistent w;i.th 

this mass~ It is very hard to call this a mu .... meson; thus one i:;;1 

forced to conclude that it is a pi-.me.son even though it weuld seem 

to be.- necessary to stretch the observed faetis to the limit. Pe:ubaps 

it is $ignifieant that em the surface thi3 appeare to be a particle 

of about the same mas•s as track i in Illust • 14. 

Illust. 16. Three tracks. appear in this picture. T:rec.k 

A which is in the up~ left has a momentum of '.360 ± 80 Mev/e, shows 

an ionization of between 5 and 10 times mini,rnum tor ~ singly ch.a.:rged 

particle, ~-md is negatively- charged if going down.. Trae:k B, which 

is in the low~ left h~s a mC">mentum of 50 ± 4 M.ev/e, an ionization 



o-f about one .... third ·that of A (or from 1½ to 3 times minilnunt) ,. and 

ie positively charged if going down. There is also a third V'1rY 

feint track in the right side of the chamber. This thh-d track is 

negative it goi11g down and seems to pass through the coincidacnce 

e&used the pietlll'e to be taken~ 

On an ionizat.ion...momentum basis A is almost certainly s 

. 
eonsistf}nt in ionization and momentum 1,rl,t,h a mu.-...m.eson, although there 

:i.1:1 a possibility that it :ts a pi<9ffiesO"n., This seams unlikely becaue.e 

a pi--.-meson of; this momentum ie ionizing in excess of 5 tiIMl$ minimum .. 

If B is going up# ·then this eottld be taken t~, represent the captur·e 

to be VfWY strong experimental evidence aga-inst this, and theoretical 

objections as uell,. It one wia-hes to dis:tegard th,e apparent l.aek 

of eonsia.teney of ionization and momentum frre a ])i-.-roeso:n; then this 

e$n be r~dily interpreted as the c.apture of a negative p;i. ... meson 

W'l th the sub.sequent relea•ae of a p:r·oton upwards. 

Another possibility is that an unseen particle produeos a 

nuclear disinte~ation ,1ith ·the ejection of a proton upward.a and a 

pi-me.son doimwards~ '!'he ejection of a mu-mason as a primary pa-rtiele 

in a stat- is not .in aceord with experimental evidanee; thus tha 

pi,..,mu...,.yaason deeay take$ :place in the ct.>untep before B appeaI>s in t.he 

chamber~ This w.ould require that ·t;he pi•meson decay in 1as2 than 



o.oo,~ of a 1:i.tetima. This seems improbable, but -what does probability 

mean fGr a single event? If one wishes to consider the possibility 

of' ~egativa pJ;'Otans, then one has to postulate some mechanism itn 

which 'their annihilation can result. in the production of a low energy 

mu.-.me.son. 

The hypothesis ·that this is a star produced by an unsEJan 

partiele would seem to be the most reasonable . 

:tllust .. 17. In thi$ photograph a positive particle, if 

going down,. of 50 M<!Jv./c and tbr{Be times mininnml ionization, Yhieh is 

• very consi.it<!Jnt with a mu ... meson1 coraes in and apparently stops in the 

counter as would be ex-pee,ted from its ·momentum.. A negative electron, 

.U going up, of 12 Mev/c eomes from a point 'Which when viewed :in 

stereo is vi~n 2 mm of the point vhere the posit:iva meson ·would have 

'been expected to decay. Thia negative eleet:roo is ttina eoineident. 

Anothar sh@rt stub is presen'li (it ee.n be seen Yhere the meson enters 

the eounte:r). In stereo it appears to be of 5Teate?" than minimum 

iQnization,, but it is ao foreshortened that this eannot 'be certain •. 

Due to its shertne$s and the fact that it is distorted at the point 

ef entry into th® f,r($t glass, nothing can be sa.:td about its 

di;re<'tion. 

It ~hou.ld ba pointed out that t he mu""lnes<!>n does not have 

suf::."loi~nt range, if going up1 to trip the coincidence counter so 

~s tr, take the picture. This pictU"te can be best inte-rpreted as a 

mu..meson wbieh goes into th~ counter and decays. The decay electron 
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produeee a knoc'.k..-.Qn at a point very close to the decay in the bottom 

wall of the eowite:r. The knock-on is the observed negative electron, 

while the positive electf-on from t he decay is seen as the stub. 































LEAST SQtlARE FlT OF OOMPARATOR MEASOREMEM'l'S OF 

COSMIC RAY TRACKS TO P.ARABOI.J.S 

In tha use or a cl!>ttd ebamher withe magnetic field one 

.is always faced with the neeessity of devising a method 0£ 

mfa~.euting the eu:rvature 0£ t.he tt-a~ke due· to tbe f!$ld,. 'l:hie. has 

been done with varying df;lg';l\"ees -Qf subtlety by the pec.pl~ who have 

been conce-rned with it ,. :previously fol!' the six'•inCh chamber the 

coordinates -of points aJ_ong the track have· been meastal'ed with e 

e.om.parator (~) ,,. The$e wa-ce plt>tted an graph paper idth one sea.le 

exaggtl.l:'nted an.d t®ll eetnpared witJ-i a serie:s ot standard pa11abolas. 

This method is. somatm-at ()bjeetionable because bl the last analysis 

it i$ found theit the curvatures and lim!ts of er:~or which are 

determined ~e quite dependent ()n the jud,gment of the person 

p$1"form.ing the ope:t'ation •. 

The use t>f a least $4WU-·e fit has the de-0ided advantage 

that :lt eliminate~ all h't11Jlan judgment exeept that of the original 

comparator measurement~ . By using the comparator with an eyepiece 
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whieh has a double cross hair spaeed slightly in excess of the 

normal track width this human judgment has essentially bean 

:redueed to a point where it introduces errors of' a mueh smaller 

size than other inherent e-.erors in the cloud chamber determination 

of magnetic rigidity. 

A circle which passes through th~ o:rigil1 and has its 

eenter on ·tha X .... axis is described by the equation 

xl. - )-~xii ~ = o 

If the radius of curvature R is large, so that for all° points 

measvred the valu-es of X are small · compared with R 11 this 

oirele will be closely approximated by the parabola 

L X = ;..R 

The original e:la:•ale must now be fitted with that parabola 

ef t,he above form which gives the smallest least square error Yhen 

compared wit.h the eirele, lt will be eonvenient tor the purpose of 

calculation to tak<'3 the points i '1 at even intervals when making 

the eompa.t"ator measurements., This distance will be designated 

by L:i. • 

Since it is conv{Snient to have the center of curvatu:re 

of' the track being measured as near as possible to the X ... ms, 
an attempt should be me.de to line the track up along the 1 - axie 
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\ 

when making the eomparate.r m:eaaurement.$:11 (.A correction will' 

subsequently be derived f'ol' the ease where the eente.r of curvature 

Qf the traek is off the • X • •axis) • 

An atteI11pt is made to £it a parabola of the forlil 

x'h = Cl -t b 'rt -t c n ~ 1-E rt. 

to the tra¢k in S.Ueh a manuer th~t the quantity 

E = Ee;_,.= 'l. (x.-.._-a.-tb-n. -ex~) 2. 

is a minimum. 

-~t ::: o :== J. ~ (.x..._ -a.. - b 'Y\ -c >11-) 

- 'Sf =-o ::::- 5-n( ~ "I'\. -o.. - bl'\ -~ c. >,:~) 

- ¥c = o = r.. n ~ex,,.. - a.. - 1; ri. - c.. 11 -i. J 
Upon rew.riting the equations become 

l.X"' = (~r, 0 )t1... -t(2._71')b -t{[n.i)c 

z. -;ix,.._ = Cl.,.,') a + { £ n ~) b --t-('i. n 3) c 

L n }. X Jt = (z_ ri. >-) a.. -t (:E >1. 
3) b r ( ~ n If} c 

lntrodu.etion of the abbreviated forms 

\ ' 
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Taking an odd n.ttmbtilr at points of· me.ae'Ul"em.ent . and· 

allowing the value:$ 0£· n as-signed to these to range e>Ver a 

symmetric inteFval (all this ean be readily dene end at no loss of 

g!9n~ali ty) ;, and r,amembe;ring that 

one obtaine 

fJ, ::: N3 := o 

a..= S~ Nt - 5>--/\-1). 

/; = s • 
.N l-. 

C := /'1 o S). - /~ l- 50 

where tha notation 

M,,. 
~ty-/fl;_ 

'). 

has been adopted. (Values of Mr are tabulated in Table II) .. , 

The value of C so obtained permits the calcul.ati¢1'.1 of 

R 1 wher-e R is the r ,adiu~ of ourvat-µ?'e of the trael~ on the 

emulsion, from the relationship 
7-. 

R-=- A-.2c 



. !n gene.rfll.l the abeve ealo.uh\ti.~ <>t R is of mol'e t~ 

enough preci$10tl . U~V'Gl' 11 f(!IJ! ia'atks ot ~ll :radi$. Qf <,urvat:ure 

(l5 cm ~ less) and toa- tta◊ks v.'h.ieh eanne:t 'be success£~ 

c~teroo, it ia us$.i'ul.. to evaluate a correction term, 

A e!lrele ®n bs d(!l$Ci"$hed by 

(X - h ) ~ -t (<j -1) ~ =: R >-

x ;: h - f R ,_ -('J -~ f 

::: h - v R 'J;_! --\[j - <a l- - ). Jr. 't. 
l'?'l-_l~ 

and .Je. 2l!El L. L R , this ean be expandeq ae 

x :;; h - VR q~ 0 - ';L- "~-) - t( ~ 1. • • ] 
~(Ii~- " - J 

=={h -VR'--t·J - hr t [21~•-X· 1 ~~ J • 
l>ihen this is compared w-ith 

Xn, = Cl + b }J +c. '>/ l. 
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'l'hi:s .gives a eo;rr(i}ction to the f'i;t'st ealeulation~ In 

practice ~ is alwe..ys taken equal to 0 ,.05 cm, and b's in the 

range ~f O '"0001 t◊ o . .,0()1 are obtained £or tracks ot moderate­

cm.-vature ~ In r~a cases the correction amounts to J. }'&; s.o in 

general it is not made .• 

lrat- small · obclee.; , 

X= h-fifGil. 

therefore 



The quaiatit:ies 

but 

where 

c::-
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;Vo 51. -~ 5 0 

k;A,-/k.~ 

J).n .appt-eetati~n ~r the accuracy Gf this meth~ is gained 

if one celet.tlatea the e~or'dinates et .a peri'eet eirele flJf 5 em radius 

and then uses the atanda.l"d eelldltie'ns en:ecuntfSl':ad in pr~e:tiee where 

~ = 0,05 em and 1\ = 1.7"/ Upon £:it:ting a parabtla tie. the 

eirele by this m(ltthQ.d the, va~ua :of the em-v~ttwe oottaitled lis 

R = 5t000 • Thi$ ¢~~espom$ to ~ tlte.clc ill the ehi;mlhea:- with a 

ino-metrtum of 6; Mev/e ... 

To as&ign ~ probable tiiN"Q)? use i$ made of 

E = Le>, 1.. == L. C x lo,. - q,- b 11 -c.r1 a-) 
').., 



which ean be developea ·in the form 

E = r. Xh'" -[ti~ -t- b s, +c. 'Si..) 

If E~o , it would be. possible to make a perfeot fit of a parabola 

to the track. In ~neral this will not be true, but for the mc,ment 

1$t it be supposed that ct. , h , -f- c can be determined SQ that 

this 1$ true. One n~ w!lsheis to find the: effaot if these are 

changed by SCI. ; ~b t f ~c ., 

£':::: Z:Cxl\ -[Ca t-S'q) -1-(btib)11.-t-{c.-1fc)>11l)1-

c' =: !Vo ~q) L + ~ (_S l)~ -t-/Vy{fc}t.-+ ).Al';. fq 't.. 

It, is required,. fo,: a given &c. . ; that c·' be a minimum for ~ ct 

and ~b • Therefore 

Hence 
c) C{ = - :t~ J'c 

~h=-o 

Taking the seeond dsrivative shows these to be a minj,.mum. .• 

As a :result 

OP 
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where the quantity E,.,., , which rap.resents the roGt ro.ean square 

deviation of the fit ., h~s been introduced~ This is inde:pendent of 

No , the n'Uniber of points used in obtaining the fit., 

Setting 

and .s:inee 

11'0 evaluate ~'- it is noted that in the derivi<.rtion above 

it has in ef.feet been assumed that the total l= is produeed by a 

di.reot change of curvature. Since the ealeul.ated value of curvature 

has so adjusted the pa:rabola that tha track.has equal r11is scatter on 

each eide of the parabola, this will certainly be an outside· limit_ 

Bence 

t.hen 

Fcom the t?h-le, it is seen that in the range Alt).:: 13 ... 21 

in whi-ch ·one is interested the quantity 

V" flu Ale) { /V" - I) 'l-
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changes rather slowly; thel'ef'or-e a mean value of 12 can be used ffJJ? 

the purposes of calculation. 

Upon essigning a reasonable value to J the expres~d.on 

will be one which indicates t .he probable error in eurvattWa due to 

measurement · al~ne.. To· obtain a V·alue tar J onei. can argue 

heurist;teally that, the value J = I is ·the outside l.imJ.t-, and since 

t he par-a.bola has been adjusted to, give equal :rms scattering en each 

side of · the t :raek a value ot · 1/2 would seem to be r ·aasonable~• .:rr · 
one ehecks the value of 1/2 with the ~r.., limits set ht the manual 

parabola i'itt.:tng method; it i$ round that it is quite reasonable . 

If the some·whst more refined method or hav1n€ a gj.ven track meaSUJi"ed 

mora than once by several people is used 1 the value 1/2 again seems 

to give a consistent r$sul.t. 

With the ~dopti.on ot th.a valu$ J. =- 1/ 2, the tinal et'ro:r 

J.1.'tlli t estimate is obtaa.neti ~ 

rv= £};;__ F,,.,..s 
'-'J-

The ltm!t.s of /;1;,,5 for whieh this is valid are sainetmat 

ambi.guous depending on the !ndi:vidual oaaSosJ howe\t'&r a lower limit 

of :, x 10•4 is set by the pr,o¢e:as of ·the cera.parator measut'ement 

itself. This is so be¢a.U$G it is found t@ be dif.ticult to repeat 

single readings with a :r:ms Sp.read of les·s than this figure.~ When 



E r'ltf s for a CUl"Ve is lower than this, 3 x 1c1••1~ is used as tha value 

of errQT. Experience show that tracks with ~ .... J 7 10•' can result 

from distortions or scatterings or the track., Such t:racks should 

ba projected pa:rtieula.rly to see whe:thex- any ebi7:ious distortions el" 

seatter:tngs are present.. Indeed tt bas been a matt-er 0£ poliey to 

carefully p-rojaet and e:x:ami:ne all t?>aeks which at-e coruiidered 

intel"esting enough. te measure with the comparator,, 

Calculating Procedure 

(This ean be most readily dona with a ea.loulati.ng machine) 

{l) Calculate 5o = .l. x~ 
5

1 
=·l...1\Xl;\ 

S)... ·= L n~x~ 

-(2) Fr.mn (l) and Table II ealeulate • 

Caletila-te 

. a__ == /l1 'I' )o - /\.f > S' ~ 
b -= 5, / Nl-

. c. = M O s~ -M:>,So 

l.. X '>\ ?-

(4) Fl-om (3)· and ·(l and 2) calculate. 
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(6) From (2) obtain 

(7) f,rQm (5) obtain 

Ju-= 10 ~?-MJ 

(8) Calculate 

(9) From (8) obtain 
I R _j_. 

0 -n=v t=rrj 
where· f? ts the radius of ~vat-ure of the track m the emulsion., 
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