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ABSTRACT 

On an explo:ra:toty basis, a oloud chamber ha$ been con­

t,:olled in its ept~ati-on by a · p:ropGtl'tlona.l eountel'" mounted 

wi tb1n 1 t. A,s a. eel.ection device tor events of high ion1za­

t 1on this has been sattsfaoto.11, and infol'lilat.ion is e;t-ven on 

the ty:pee of evtnts •aotually o'b&er-ved. 

The iontze:tt.on produced 1n the eo\Ulter by atngle par­

ticles is shown to b& eubJtot to widt flt\otuat1on,e. Thea,t 

are d1 soues.ed with r•fex-enoe to existing theot1es on enel!'gy 

losse$, but it is shown that ealeuJ.at1ons ba•td on these 

theories are not wholly appl1cable to this oaae, $.$ the foil 

rep:res-ented by the gas is too thin. fo these tluctuati.oiu, . 

is att.wi'but•d the l .argt p:ropox-tion of •1ngl~ partiol•e se•n 

in l'J$ul tant pl0t.u1,.s. 
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I. INTRODUCTION 

1.1 Historical 

Instruments of physics are rare which will give informa­

tion on single events; the majority rely on a statistical ag• 

gregate of ma.ny. Those that do exist deserve loving care 1n 

their development and painstaking ea:re to use them to their 

fullest. Sueh an instrument is the Wilson oloud chamber and 

experiments directed towards imprQving its operation and versa­

tility have been carried on for a long time. 

The oleud chamber grew out of early experiments of O.T.R. 

Wilson and others (1) who were investigating the process of 

drop formation in clouds. Progress towards its present use 

started when it was noticed that drops form on the ions formed 

by nearby x-ray activity; by 1911 Wilson was able to photo­

graph the traoks of a -particles and fast electrons, and by 

1927 Skobelzyn (2) obse.rved tracks which later were shown t0 

be due to cosmic ray particles. Since this time the cloud 

ohamber has been used by many workers in the field of cosmic 

ray physics. 

Simultaneously another tool useful in this field had been 

developed, the Goiger Muller counter. It also responds to 

single events in nature, but on the more crude yes-or-no basis. 

Its particular field of usefulness has been in questions in 

whioh very much statistical information is needed. 

A particularly great advance in method was made in 1932 

by Blackett and Oochla.lini (3) in combining these two tools by 
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arranging counter-controlled expansion of a cloud chamber. 

Previously the chambers had been expanded at random, and only 

a tenth or a twentieth of the pictures showed any cosmic radi­

ation, whereas afte1." that it was possible to have virtually 

every picture meaningful. Today very few oloud chamber ex­

periments are carried out without some measure of control over 

their operation by one or more Geiger counters. 

1.2 Present purposes 

.Th• particular apparatus used in the wo.l"k here described 

bas experienced much of this development of methodology. lt 

was built in 19~0 by Dr. Carl D. Anderson (4); .and., opera~ed,. 
with 

randomly, 1 t gave p1ctur,es/whieh he proved the existence of 

the positron. Since then, it has b•en used in other researches 

over the course of the yea.rs. 

After the last war, thie chambet and its magnet were 

mounted in a B-29 airplane and flown at high altitude. One 

aummer•s work in 1947 :resulted in publishable data (5). 

In the summer of 1948, at~empt$ were made to determine 

the mas.a and the decay preducte of the meson, but the control 

equipment unfortunately did not discriminate adequately against 

showers. A few slow mesons were seen and no decays. In add.i­

tlon, the amount of time we were a.ble to stay a.t altitude was 

extremely small. The apparatus was therefore. removed from the 

airplane and returned to Pasadena. 

We then decided to place a proportional counter within 

the oloud chamber. The fact that this instrument responds 

proportionally to the ionization produced within it might give 



added useful information, and it should prejudice the equipment 

in favor of low energy events of the type in which we were in­

terested. In addition, so far as we knew proportional counters 

had never been used to control the expansion of cloud chambers 

and it was time to try. Recent years had brought developments 

of electronic tecbniquea that should enable one to detect the 

passage of a single minimum ionizing particle . . 

To this end Dr. E. W. Cowan built the necessary electronic 

equipment and the author built the necessary counter. With 

,his control the equipment has been operated for more than a 

year. It has not operated quite as had been expeoted. Read­

ings on the 1on1zat1on of individual particles were not useful, 

as they were subject to too great fluctuations. On the other 

hand, it is felt that the proportional counter has been and 

should continue to be a useful device for the control of cloud 

chambers, an extension to the versatility of their use. There 

have been many interesting pictures; Mr. R.C. Jopeon is pre­

senting an analysis of some of these in his thesis. The ques­

tion of the nature and magnitude of the fluctuations and how 

they affect operation ie the subJect of this thesie. 
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II. APPARATUS 

2.1 General comments 

The apparatus used is in its basic elements that made by 

Dr. Anderson and used extensively by him in Pasadena., in Pana-

ma, and on Pike's Peak. The oha.mber and magnet are his original; 

various auxiliary elements have been added during succeedi.ng 

years, and the electronic control elements in 1949. It haa 

been described repeatedly (4,6), so that the description he.re 

·will be sketchy except for the very .recent additions. 

J.2 Basic components 

A chambel:' 7" in diameter and 2" deep is mounted vertically 

in the field of a large water-cooled electromagnet. Illumin► 

tion is provided 'by the discharge of condensers through GE 

FT-127 flash tubes, the light passing between the pole face .a of 

the magnet. Photography is through a rectangular hole cut a,c ... 

ially in one pole, with mirrors along the sides of the holeto 

pl"ov1de stereoscopic views. 

The chamber 1s filled with a mixture of argon and helium 

at a pressure of three atmospheres and saturated with ethanol 

vapox-. When a solenoidally operated meeha.nical trip 1s fired, 

the differential pressure between this and a. vacuum chamber 'be­

hind the chamber piston causes the latter to move. Thie motion 

takes place within 4 to 6 milliseconds depending on the amount 

0f damping at the end of its motion. After expansion an auto­

matic timing system takes over, the light is flashed, and then 

the chamber is reeompressed and set in position for a new ex-



-5-

pansion. This period including reoovery time is 38 seconds. 

2.3 Safety devices 

Especially developed for this series of experiments were a 

series of safety devices. When the chamber was opera.ting in a 

B-29 1 it was necessary as well as practical to have an operator 

in immediate attendance a.tall times; for it was operated for 

;relatively sho;rt, cono,ntrated periods, and undtr variable con­

ditions. When installed at the Institute, howevex-, it was ex­

pected that the external oondttions would be relatively oon­

•tant over long periods ct time, and it was hoped that oontin• 

uous operation would be poi!lsible. Under such conditions con­

tinuous personal supervielon was manifestly impracticable. A 

necessary item of equ1pm~~t then was a series of safety devices 

af some sort . . 

The particular troubles antiei;pated that we wished to 

guard against were the1e; the flow of cooling wa.te:r to the mag­

net might be impeded. and the nu~.gnet burn up, the magnet vol ta.ge 

might vary ov,rmueh and negate any ou.rvature measu11ements, a 

hose might break or leelc and flood the :room, or the chamber 
, ' ' 

might fail to reset and _in;Jur• ttsel.:f by r .e~ated attempts to 

do so. As a matte,: of actual p~actioe the -only on._, of these 

troubles wh1ch has never occ\lrred is that of a l,,arge variati,on 

in magnet voltage. In ord•r to guard agai.net these things, 

the seriee of circuit& given in Fig. l, a & b were designed 

and constructed. 

The normal sequence o:f operation with everything operating 

correctly is ai follows: 



1. Push swi.tch Sl. This tuine on .the 24 volt :o.o. and the, 

loo volt 400 cycle generator. 

2. Push sw1 toh s2. This ie a ne.o.eseary preliminary to S3, 

as the holding o1rcuit of Relays Kl and 12 will no't 

hold unless circuit D is closed. This operation is de­

pendent on either the 24 v. o.o. or the 110 v. D.G. o:t 

both 'bei,ng on, and was added iae·oauee it was desired that 

the whole equipment could be turned on fJven when the mag., 

ntt vc:>ltage is not on and that saftty circuits still be 

o.per.ative th,n. 

3~ l3efe:te proet·eding i 'b is neees$ary that the magnet cooling 

wa:t.er be Clll• 

4. Push •witch S3. This aotivates a.ll s.afety oi:reuits. Ii 

is now possl'ble to close the appropriate solenoid so that 

voltage might be applied to the magnet; before it was not 

SO POIJS1ble. 

If wbile in operation one of the enumerated troubles should 

ooeur; the saf·ety devioes will turn th$ equipment off in the 

following manner: 

1. If the wattl' flow ceases, it will no longer fall into a 

leaky eatoh buoktt, henct will ne longer d•pi-ea$ a micro­

sw1toh on which th• bucket is supported and will open the 

otl!'cuit at A, op♦n relays Kl and 12; open the :nagnet 

f1tld :Uci,l.ay oi:rouit, hctnot inteJt~pt the magnet current 

and the magnet will not bu~n up. The 110 v. o.c. having 

also been on. oondenser 01 will discharge through relay 

K&, open it momentarily and turn off all other power 
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as well. When this happens the water will also 'be turned 

off at the ta.p by a solenoid.ally operated valve. 

B. If the magnet g~ts too hot, by :tea.son of palttial stoppagt 

of water or anything ·elEJe, then one of two things will hap­

pen,::, either a the:rmally operated switch · in the exit water 

line \dll open a.n.d ·cut all power oft, · or 1f this fails ,, a 

Wood's metal link i .n thermal eonta.ot with the magnet coils 

will melt and op♦n: t;h.e e1reu1t$. 

3. If the 110 v. p .. o .. v-oltag~ to thtt magnet gets too great, 

relay . K5 . will . open elrcuit D. 

4. If the 110 v~ D .. O. voltage gets toe small o:r goes off en- . 

tirely» :relay, 14 will open circuit D. 

6. :t:f water gets en . the :floo:r; • tt will act on awttohes s~t- in 

the mQst likely low spott about the equipment. These 

ewi tohes are essentially a. spring-loaded switch•, held 

oloaed by a · small pteoe of Alka--Seltzer tablet. These a.re 

very wate~ .... ~let'l$i ti ve. 

s. If the ,ehambe:t fatls r:epeateclly to reset due to loss cf 

air p;res$ure or any other luoh mishap, the circuits of 

Fig. 3 take ove;r. , 'l'he •$sential element is a motor Ml. 

Every time the chamber :tires it starts t .o :run forward. 

If the ohamb:Q:r: r«sets sat1sfactortly it reverses, and re­

turns to &1iandoy pos•ition; if not, it continues, giving 

the chamber time to make 4 to 8 att.empts a.t resetting, 

then turns off the ttme;re. 

These circuits have worked satisfactoJlily whenever they 

have been , needed. 
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2.4 Counters 

fhe counter cont~ol o'Ver this series of experiments has 

been a oombina.t1on of several Geigel' counters a.."'ld one p:ropoll'­

t1onal oounte,:. The Geiger eollnters used are those familiarly 

called IINeher counters" 1n this laboratory and described pre­

viously (7). 

The prepoi-tiona.l oount«u: was built for this experiment by 

myself. Te imp:tove our se,leoot·tan, w,e • wanted to put the oount­

•r in th.e very m,id.dle of the ohamber. 'fhis· required that the 

eounter be small as the cham'bet 1$ small, and that it have a 

rectangular oro·ss-•ec1d.Qn' sa that the absotbing thickness would 

be definlt•• ' It should p~eaent a low abso:rbing thickness so 
' 

that 1denti:f1Qat.1on of par1i1Ql.e typ$ • and measurement of mf)mem-

tum should be ·d•fit1:lte 1 atld be of low atomic number so that we 

ellould not have to wo~ry about radiation energy losses but on;.. 

ly about ioni~ati.Qn energy loss. · 

All this sugge•ted that the counter be built of aluminum. 

Tnis was done; the details are best seen 'by reference to Fig,.2. 

This final med.el has an tniernal active space 7/l6n (1.1 cm.) 

thick, l--l/16 11 (2.7 om.) wide, and 311 (?~6 om.) long. ;tta walls 

a.re ea.ch 0.065" thick git:ing an absorpt1c>n thickness of o. ·89 

gm/om2. This thiOkntJs$ wa., ,about ·as thin 'ae it could be made 

and still be sttiong enoUgh so th~ flat w·alls would not disto~t· 

appreciably when f11led to a. high internal pressure. The ·prob,,. 

lem of soldering to the aluminum was solved by first plating 

it with coppe:r using a cold Rochelle strike as recommended. .l:>y 

the Aluminum O,ompany of A.meriea. It then could be easily han-
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dled by the usual tin-lead solder (8). 

Details of the mounting are given in Fig. 3. The essen­

tial problem here was to mount the tube on a cylinder of glass 

and to lead out a. shielded eleotrioal connection. This is the 

reasen for the curved washers and the flexible coupling: ,e..,. 
eral rings were broken before this was tried. It was also ne­

cessary that this be of a form that could be assembled in the 

narrow space between the poles with the chamber in place. 

The counter was filled to an inside pressure of three at­

mospheres of 901, argon, 10% 002. 

a.5 Electronic cirouits 

Electronic circuits were designed and built by Dr. E~I­

Oowan. These circuits are reproduced schematically in Fig. 4 

a to f. Figures ~ a and bare conventional power supplies. 

Fig. 4c shows the preamplifier. 'l'he design of this is the 

most delicate of all, for on its $tabil1 ty and reliability de­

pend that of all that follows and of all the data obtained. 

There is heavy degenerative feed back and a special regulated 

filament supply to help assure these things. Its output is 

through a cathode follower to the matn amplifier, Fig. 4d, 

which consists of two chaine of three tubes, each with degen~ 

erative feedback. Fli• 4e shows the gate and ooinoidenee oi».­

cuits. These require that one or both Geiger tubes fire at 

the same time as the proporti0na.l oounter, in this way defin­

tng a solid angle within whioh the particle must lie. The 

oompost te signal 1 s t .hen fed through a cathode follower to 

three circuits (Fig. 4f) one of whioh decides if the signal 
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1s high enough to fire the chamber and the other two of which 

measure the height of the pulses. Each of these is in esseno• 

a long time constant peak reading; v•cuum tube voltr.rueter, but 

one has a two-tube prtl1m1na~y amplifier with a. gain of 5, eo 

that the two circuits and theiJ associated indicator meters 

act as fine and coarse sea.l.e meters w1 th a 5; l scale ratio be­

tween the two. 

a.s Reoord1ng camera 

To record. the information on height of pulses given by the 

proportional counter, a Bell and Howell Eyemo 35 mm. movie cam­

era with an f/2.8, 2" focal length lens was used, which oamera. 

was loaned from the :facilit1es of the N.o.T.s. at Inyokern. 

Its o.perating solenoid we.s pulsed so that single fl"ames we;ve 

taken of each item of information. 



3,,1 Calibration 

For pedagogical purposes ionization oh.ambers, proportional 

counte:es ,. and Geige:r tubea a.~e atten c:ons1de:ved as like i11stru• 

ments used under dift'event c.ircumste.nces {9),. One then dis­

cus-sea the b>ehavtor as 0n:e raises tne e-xternally applied vol­

tage,. and shews how it passes t~eugh these various types ot 

opev.at:ton and then ends in oontinuoue breakdown,, Thi$ is e. 

uaehl de$-e:ription in tht\t it stresses the -s1m.iler1tiea. of 

oper&tion as against the factor s which cause tl:1e various modes 

ot operation to be different; but it avoids the great differ .. 

ences in cho i ce of ftl ling, in e:&te.rnal oir cui ts used, etc. 

The p~opo:rtional counter differ·s fi"Om the :ton:tz at1on ehambe:V.t 

for instance. in that th.e size of the voltage pulse has been 

amplified by in.te1~rrnl ioniz ing collisions. For true propor ... 

tionality this 1c1mpliflcation :i.s independent of the original 

number of ions formed,. In this re2 pect the Geige:r• counter 

differs. from the proportional counter. For the former ampli• 

fies in such a manner t hat the output pulse size (not the am• 

pli f ication) is independent of t he original number of ions 

formed. This is usually attl'ibuted to the emergence of fae-­

tors other t han collision that produoe or inldbit the p:l?od;v.c• 

tion of new ions. 

·rhe usual difficulty in using proportional counters t o de• 

tect C03mic ray parti cle:J is that these i onize very little corn­

pe.red to alpha pa:r--ticles or the Like, for which ·t hey are often 

used . This has been avoided a.s much as possible by using a 
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hig.n-gain amplifier, but tven more by using a. large gas pres­

sure. This results of oourse in more tons being originally 

fe:rmed. SE> that the initial pulse, even not multiplied, ts 

la.:rge:r. To t:es't the proportional regions of operation of the 

oeunter and it$·assoc1ated circuits the following melhod was 

used. lt doe$ not involve artificial eoureea; these were not 

used a.$ th$y do not involve sinsle high enel"gy pa~t1eles. The 

ool:lnter was set up on a bench in coincidence with two Geiger 

tubes and the sizes of the pulses obtained were recorded. Thie 

was done for both the wide and for the nurow dimensions of the 

counter and the results compared (a typical result in Fig . . 5). 

The results were that the pea.ks lay 1n a ratio of a.bout 2t 1.e., 

in about the ra.t1o of the two dimensions of the counter. As 

these pea.ks rep:reeent the most probable ionization lose, and 

8.$ this should be proport·1onal to the distance tra,versed, this 

wae taken to indicate that we were indeed within the propor­

tional region of the operation. The final ohoioe of operating 

voltage was on the basis of avoiding noise as well as the a­

bove; we tried to strike a balance between gas and el•otronio 

amplification. 

At the beginning it was thought desira.ble .. to know what 

the meter readings indicated. Thus did a value of 8 mean an 

ton1zat1on of 8 x minimu,,or wha°'? This wa$ originally done 

by such graphs as Fig. 6. This particular one was ma.de with 

a different metering circuit tban is shown in Fig. 5, but the 

essential features are the same. This particular one would 

indicate that a meter reading of 2 oorresponds to the most 



probable :lenization for a fast cosmic ray pal'tiole. Suoh tests 

were repeate.d later to check on the con$tan.oy ef performance. 

3.2 Results of operation 

our control circuits provide that the chambe:r will expand 

only when pa.:rtiolee appear ftom the vertical, ionizing as they 

go more than a certain predete.rmined minimum~ We might specu­

late on what might malniy b• expected te be found in the re­

sultant pictures. If the bias were low, one would expect the 

eame distribution of events as a Geig&l" tube in the sane place 

as the propQrtional counter wouid giv·e, except that if the bi­

as were too low blank pictures would appear due to noise in 

the ctrouite. These pictur~e would be of $1ngle particles 

plus showers, eto., in thetr usual l"ela.t1ve a.bundanoe. If on 

the other hand the bi.at were •higber, the counting rate should 

go down, and the rema1ntng .p1ctu:res shQuld be of those events 

obaracterized by •h:1gh speoifio ionization. These might be low 

energy protons ol' mesons, showe:rs. pairs, or stars. The rela­

tive number of single partioles · would be expected to go down 

sha,rply. 

~s a matter of pra<tbtee the d1$t1"1butlon o:l the vartoua 

types of events does ehange, but not quite as expected. In 

Tables I, Jl, and lI:t are given some data on this. The pa.r­

t1oular 14 rolls of pictures ohos&;Q for this compar1sen oom­

pr1s-e a t ,otal of 6385 pictures taken du:ring the period of July 

11, to Sept~mber 1,8, 1949.. This interval wa.s one relatively 

fi-te o_f el4'Qtr1cal and meeha.n_aoal troubles, and one in which 

no change$ were ms.de in operating oonditiona that might af• 
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TABLE I 

DiS'fRlBUTlON OF fY;?ES OF EVENTS OBSERVED 

Rell$ 19-33 

Ga.1n 61.ngles Doubles T~i.plee $howerJ Blanke Unetrta1n Other 
Jntttl.l large Types 

l/4 58 l 21 7 

1/8 65 l 13 a 
l/16 408 2 2 l 13 26 3 

l/32 224 a 3 4 22 a 
l/64 3799 19? 20 99 416 434 153 

TABliE II 

.PERCENTAGE DISTRIBUTION OF TYPES OBSERVED 

Gain Singles Doubles Triples & Showex-s Blanks Un.eertain Other 

l./4 66.7 1.1 24. 1 12. 1 0 

l/8 80.4 1 . 2 () 14- 8 ~-7 0 

l / 16 89.6 .5 . 7 2.9 t;.7 .? 

l / 32 86.0 2. 1 1.1 1~s 8. 4 .a 
1/64 ae .3 a .. s 8.8 7,.6 7.9 2. 8 
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TABLE lII 

DISTRIBUTION OF "OTHER" TYPES OF EVENTS AT 1/64 GAIN. 

Mesons: 42 positive of which 16 show decay electrons. 

32 negative of which 3 show deoa.y electrons. 

Protons: 67 by themselves. 

6 in showers. 

Stars: 6, 
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feet these tables. What is being compared here are the results 

for the same value of the bias setting but different values of 

the gain setting. This amounts to the same thing as mentioned 

above, for either thing varied will control what fires the cham­

ber. 

Pictures have been classified as to what appears to have 

fired the central proportional counter. Those labelled 11 'blank" 

are those in which it cannot be definitely said that any visi­

ble track did so, though in some of these cases nearby frag­

ments of tracks indicate that a shower may have been passing by. 

These blanks tended to decrease in relative abundance as the 

rigidity of selection increased. Those labelled "uncertain" 

are ones in which olass1:fication was doubtful or difficult; 

these stayed at about the same level. Multiple events are sub­

divided into doubles , which are mostly electron pairs or knock­

ons, and showers, which were rather arbitrarily called small or 

large, the borderline being roughly a ten particle shower. 

Such events increased, as indeed they were expected to do. 

It is of interest that there remains a large fraction cf 

the pictures in which apparently one particle alone fired the 

chamber. The majority of these are oases in which the one 

particle visible is a high momentum particle; that is, it is 

very straight (po> 300 Mev) and it appears to be a minimum ion­

izing particle. Visual estimation cannot determine any appre­

ciable change in the appearance/tracks from minimum ionization 

up to about three times minimum, so that it might be supposed 

that some of these singles are these. This is considered 
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later*; it is a valid comment, but the relative numbers of 

suoh are small. One might hypothesize that there are accom­

panying particles, of a shower perhaps, which are not seen. 

Such ts improbable, however, for the entire area of the count­

er is within the illuminated area. One might hypothesize ac­

companying neutral partioles. Photons, however, almost always 

accompany showers, and in any case would not prod11ce an effect 

except by creating pairs o;r by Oornpton scatterings, both of 

which have been excluded in this olassifioation. Neutrons 

could produce an effect if it wete imagined tha.t the results 

of their interaction were oast out in the long direction of 

the counter or straight backwards or frontwards. These men­

tioned possibilities are however secondary effects; the primary 

effect is that of fluctuations in the ionization of the ind1 .. 

v1dual part1oles. Of this more latei-. 

The la.et co.lumn :l.n Tables I and I~, headed *'other 11 types 

of events, includes events of the kind originally sought. 

These are subdivided in Table III.. Out of 5483 pictures at 

1/64 gain, covering an operating period o:f 1200 hours, there 

were 74 which contain mesons definitely identifiable by in­

c:reased ionization, there were 73 showing protons near the end 

o~ their range, and there were six showing stars or possible 

stars. Of these 74 mesons, 19 were observed to decay in such 

a manner that their decay electrons were visible and identifi­

able, and it 1e probable that at least as many more decayed in 

other directions. These were the pay-off and the Justification 

See the last paragraph of Appendix B. 



tor the labor• and time. t.t is to be noted that this . equipment 

has been used now for almost twenty years. In n:i.neteen previ ... 

oua years , only two meson de~ays were observed t5, lO)t and 

these t wo at an altitude~ whereas now with a. proportional 

counter controlling its ~xpar,g1ion there have been some 19 in a 

space of only '7 weeks, t ope;ration., In the whole year, wh!eh has 

not been at al.l as 00:ntinuous :tn -o-peratton 1Js tht-::se parti<!ula.r 

7 weeks were; the11e have been Ob$ertted about '70 ♦ 

o.3 Advantages. and q:tsadvant ta.ges 

The a.clva.ntag.e of proportional control -of eloud chambers 

is p1~agmatic: it works ; it does seltiH~t low energiy even ,;s, 

Speculation has run at times t :o what might have been seen if 

t he chamber had iJ.ad a le.rge1" active volume, but t hese are 

tlrearns and have 110 place h·et•e ~ 

The dis e.dvautages ot: thi.s eon trol s yst·em are in its dif­

ficulty of opel" r" tion and e.:re primarily due to the very small 

voltage pulses ft-om the propoPt1ona.l -oounter • Because o·f this 

the amplifiei" circuit must be 0f' very high gain. Its input 

i mped-a.nee is high {in this C~Lse 800 megohr.>1.s ) so that it picks 

up noise essily., Its stability ~ust be guarded :, e s pecially at 

the input.. 'fhe.n the tube it.self and. i ts mounting give some 

tr•oubles ~ Actually the tube was e &d ier to make work the· first 

time than a. Geigel' c-ounter using the sarsie envelope, for its 

fil ling is less cr:'t.tical; indeed in the criterion of lifetime 

it is superior for there is no. o:r ganie vapor to be used up~ But 

troubles came from the e.bsolµte &ltl>;a:nliness neeeS5~ry: the 

sllghte~t bit of du.st or water oz• gr•-e ase film across any of 
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the insulators or the glass seals produces spurious pulses 

which resemble the breakdown of Geiger tubes at high voltages. 

This was a souroe of trouble at the beginning and has been re-
this 

peatedly since. To avoid/the glass seals at the ends of the 

counter were covered with Oeresin wax, and there are used a 

minimum number of very clean polystyrene washers to support 

the lead out to the pre-amplifier. It was also necessary scru­

pulously to avoid sharp corners and small internal spacings. 

Nevertheless when these things are avoided there have 

been prolonged periods of quite satisfactory operation; witness 

the one cited above. 
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IV. FLUOTUA'l'IONS 

4.1 Baokg:round. on theory 

'!'he p:rablem of determining the distribution in energy lose 

<>f fast electrons was apparently first undertaken by Bohr in 

1913 (ll). On the basis of cla.ssioal theory and the Rutherford­

.Bohr model o:f the atom he derived an expression for the crosa• 

eeetion o-{E) for energy loss of electrons and a-particles. 

This turned out to be proportional to VE2 except foJ: very 

small or very large values of E. He also got formulae :for the 

mean energy loss including relativistic oorreot1ons and for 

t .he mean square fluctuation in energy loss in term• of this 

cross-seoti,m and the th1.okness of the material. From thei3t 

he worked out correct formulae for mean range and for straggl­

ing 1n range of electrons and Q-paxitioles. For a -particles 

he showed that the energy loes distribution (exoept for very 

thin thickneesee, the present ease) was essentially a Gaua11ian 

distribution. This result depended on the fact that the entr­

gy loss per collision of an a -particle with an electron waa 

emall. For eleotr0ns, which can transfer a ma.Jor ftaotion of 

their ene:r-gy• thi&J ia not so, to he modified his analysts~ 

tree.ting sepa:rately oases in which the energy tran$fer is small 

and in which it 1a large. For the $m&.ll ene:rrgy tl-ansfers he 

got again a distribution ths:t was approximately Gaussian; the 

effect of l .arge energy transftrs w-as to inorease the high ener­

gy tail of the distr1but1on cuzve. to make it skew. 

Bohr's treatment of st:,aggl1ng was 'taken up and extend•d 

by Willi.a.ms in 1929 (12) and the following two years. Williama 
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reconsidered in greater detail the question o:f high energy 
I 

transfers, and showed that the contribution due to these could 

be exp:r:essed in a series, the nth term of which was the con!"' 

tribution of a particle suffering n such collisions. He 

then combined the two groups of energy losses by probability 

theory, treating them as independent :random variables and ob­

tained an explicit form for the pro'bab111ty p (E, t), of an 
~:; 

energy loss of E in a thickness of mate:f1al t . He found 

P ( E, t) to be easily expressible in terms of a new universal 

:function cf> , such that 

P(E,t) = 

where ! = At and Ep = ! ( In ! + j ) 

(This notation 'is not his, but is due to Landau and to Symon.) 

The qua.nti ty J is a new universal constant,, he found to be 

0 . 30, and A and E are functicms of the material traversed. 

Ep amounts to the most pl"obable value of energy loss and e 
to a standard measure of fluctuations. Williams compared th1a 

result with experimental data on electron straggling. Tlle 

theory gave the correct shape of the observed data but gave 

too small a magnitude of straggling (1.e. • of th$ factor A ) 

by a. factor 2:3 . This he attributed at the ti.me to a failu:e 

of the ola.ssical theo:ry to describe correctly low energy lose 

oollisions . 

In two later papers (13) Williams has compared. experiment­

al and theoretical :results for the stopping of a - and ~ •par-
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tioles. In the first of these he also compared the cla.ss1oa1 

c:r.-ose-se.ction of Bohr with some new quantum mechanical o-.i.ou­

lationa which had been made 'by Gaunt (14). The t•o ag:t-e:ed .. }Ut­

eept for energies compuable to the atomic energy levels. 

The average energy loss was a.bout the same in both .theories, 

but \the:veas the $oh:r theory had treated losses as oont1nuoua 

a.nd finite for low energies, the quantum meoha.nioal treatment 

found these losses to be concentrated in several :resonance 

pee.ks and zero ~lsewhere. 'l'his probably accounts for some of 

the discrepancy between Williams• theory and experimental :.r:e­

sults mentioned above. Later. by a. synthesis of Bohr's classi ... 

cal formula with a non ... relat1vistio quantum mechanical treat­

ment by Bethe (15), Williams arrived at a. formula :for the mean 

rate of energy loss which agreed with that obtained later by 

M,Sller {16) by a more rigorous treatment. This formula was al• 

so in satisfactory agre$ment with experimental data. 

More recently Landau {l?) has given a rigorous treatment 

of the problem of getting the energy loss distribution for 

high energy particles in fairly thin foils. Fie assumed the 

erossection for energy loss u (El to be proportional to 1/. 2 E 

for E large compared with ionization potentials of the materi­

al traversed. For. smallei values he took the energy loss as 

given by the relatiVi$t1c Bethe formula and said that fluotu&­

tions due to these can be neglected. Thia assumption is fine 

except for pa.rtiole velocities oompa.rable to those of atomic 

electrons and exce;gt when the t,ePected fluctuation! ( ! ) are 

Then if the d-e-



pendenee of the oross-$ect1on u(El on the energy of the ioniz-

1n.g particle can be neglected (this is all right for fairly 

thin foils) , P( E, t) can be obtained rigozously using Le.place 

t:ransfotmation methods. This Landau did and evaluated the dif­

ferential and integral distributions of energy losses for this 

case. 

Even later Symon took up the problem (18). Landau•s as­

sumption that the croae•section energy transfers varies ae 1
/E2 

:J. .s only valid for energy losses and: small compared to the ma.xi .. 

mum t;ransferable energy E . As a re1Sult Landau's results were m 
not applicable to larg11 thiokneeses of absorbers .. Symon used 

more e.xa.ot expressions for u(E) valid for large E and oonsi­

dered the variation of u with the energy of the particle. He 

was able to present a series of curves which allow the deter .. 

mlnation ot distribution of energy loss by ionization of rne,·ons 

t:ra.versing thickness of matter up to 861/, of their range. For 

g;rea.ter thioknesses curves were given of the distribut1on in 

:range of particle$. 

These $tatements have implied the type of problem in which 

these men we:re all tnterested. They were concerned with st:rag­

gling 1n range. with the degree of inhomogeneity introduced by 

e. thin foil into an originally homogeneous beam of particles, 

or in the pl'Gbability cU.t1tJ1l:>ut1on of the initial energy ot a 

putJ.ele i;f ite energy is known after having p&s$ed a known 

thicknets of materiel.. The problem of our interest does not 

agree except incidentally with any of these. Our µ:resent prob­

lem is the :fluotue:tions in the : energy left 1n the ga.s of a 
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counter when cosmic ... ray particles pass through and the effect 

this has on counter control of cloud chambers. Here there are 

essential differences in points of view. Primarily, the ab­

sorbing thickness represented by the counter gas is very sma.11, 

near or past the lower limits of thicknesses for which these 

theories are valid or in which these men were interested. 

Then the.re ie the unknown •£feet of having two much thicker 

absorbexa, the counter walls, on either eide of the gas and th~ 

possibility that i;:;1;:i$ some energy loss processes (such as the 

production of 8-ra.y,s) wi:Ll not be total,ly enclosed in the 

space of the counter. 

4.2 Applioation of theory - . 

Of the theories mentioned above, those due to Landau and 

Symon appear to be the most _valid. In the region of very thin 

absorbers these two agree identically: Symon's results are 

generalized from Landau's towards application to thick absorb­

ers . ! _propose to find what distribution in meter reading$ 

would be expect$d on the basis of this theory . It will turn 

out tha.t this is a.n unjustified extrapolation beyond the lim­

its of validity of the theory. Justifiable only beeauee no 

theory does describe this region satiefaotorily. 

The theory gives us a function P. ( _E, t) which is the dif­

ferential probability that a particle with a given initial en .... 

ergy will lose an energy E in passing an absorbing thickness 

t . Fol" our purposes, the thickness t is a constant, but the 

initial energy i..s ?lot . Let us th•n express this function in 

terms of the variables E and p : we get a form P( p, E) . What 
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we desire is N ( E) dE , which is the probability of there being 

an energy loss between E and E + dE . Now if we have n(p) dp 

particles in the momentum range from p to p + dp , and the prob­

ability of one of these losing an energy between E and E + dE 

is P(p, E)dE , then the contribution to N(E) dE of this 

group of particles is 

P ( P, E) n( p) dp dE 

or the total contribution is 

N(E) dE = rP(E,p) n(p) dp 1 dE 
0 

As I have written it N (E) is not normalized. It could be by 

di Viding by the normalization fact.or . 

00 f n(p) dp 
0 

but fo~ these purposes all th.at is desired is the shape of N(E) 

not its absolute magnitude . 

li'or these calculations 1 t is a.siumed that all particles 

passing through the counter a.re mesons. This assumption speci­

fically elecludes high energy electrons which might have oontiaib­

uted to Fig. 9. For a preliminaty meson spectrum we use Wil­

son's results as extrapolated by Rossi (19,20). This cannot 

be used dixectly, however, for the equipment was on the first 

floo~ of a three story building, and there is an average thick­

ness of 320 gm/om2 of concrete above. fhis shifts the 11vhole 

spectrum down towards lower momenta, the peak moving from 

600 Mev/c to 300 Mev/c. This resultant, plotted in Fig . ?, is 

used for n (p) *. The process of getting N (E) consisted :first 

* This process is given in more detail in Appendix A. 
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of transforming p (p, E) from graphs and tables which give 1 t 

for fixed p and variable E to a form in which we have it for 

fixed E and variable p , then numerically iiltegratin~. As a 

matter of praotioe it was easiest to change the variable of 

integration to the logarithm and integrate the following: 

00 

N(E) = t P(p, E)n(p) d lnp 

The result is given in Fig. 8, and as a matter of interest the 

energy loss distribution for 2400 Mev/o is also shown on the 

same graph -to show how this proces$ has widened the expected 

curve. 

4.3 Experimental curve 

In tables 4a and 4b are tabulated meter readings for some 

7358 pictures. These particular ones were selected because 

they were ta.ken under uniform operating conditions and because 
apparently 

these pictures/contained Just one minimum ionizing particle a-

piece and nothing else. Compared to tables 1, 2, and 3, this 

means that only ones there included in the HsingleH class are 

here included. Omitted then are all obvious multiple events, 

blanks, and pictures of doubtful interpretation. The ones 

left are those which are normally passed over as dull and un­

interesting, but they are also the ones which account for most 

of the operation of a cloud chamber. 

In assembling these tables all pictures in about 20 rolls 

of film (10,000 frames, roughly) were visually inspected and 

Details in Appendix B. 



-24a-

TABLE 4a 

READINGS ON COARSE SCALE riJIETER 

gain 5-10 10-15 15-20 20-25 25 ... 30 30-35 35 ... 40 40-45 45-50 6'.) 

Gl/64 3063 781 400 200 96 49 32 16 11 165 

Gl/32 499 139 61 31 15 14 6 8 8 27 

Gl/16 295 46 34 18 10 7 6 6 7 34 

Gl/8 508 509 286 97 67 39 24 9 ll 82 

TABLE 4b 

READINGS ON FINE $CALE METER 

gain 5-6 6- 7 7-8 8- 9 9-10 

Gl/64 897 716 534 411 304 

Gl/32 47 39 31 24 7 

Gl/16 87 63 67 47 .31 

Gl/8 3 8 l ll 5 



'I'hen for singl es ·1n eaoh different gain setting 

the :i:•eadings were enumerated aceo:rding to t he gl"Oups indicated 

by the column headings in these tables. As we have al.ready 

seen . the:J?e were ·two ·metel:'s • each giv1n.g readings on the same 

partitle. One would expect then t hat the 5•10 gvouping or the 

eoa.rse sea.le m.eter would. agree vrith the sum ot the numbers 

observed in the corresponding fine scale groupa, but th:ts 1$ 

not so, -ror :a.Ollie c,£ the fine sea.le data had to b-e thV<'>wn aa 
·-;vrt.~:-~°"t"~l- ,., 

From these dat~ it is desired. to obtain a e~ve :ind:teating 

the relative frequency of differ-ant meter readings• It turned 

out to be impra.otical to nm:•ma.11.ze these on a t.ime basis, so 

inste,-H:l the curves were fitted together• which was quite prae• 

t1ea.l due to large overlaps. The greatest weight of course 

wa:a given to those p.articm.lar data based on the greatest num• 

'ber of points, Of t he fine scale data , only those at 1/64 gain 

were used, as the 0tl1ers were bas ed on too JJma.11 nu.mbe~s,. 

This leaves one. question., how to draw a sntooth curve at 

the J.o--.ve:t• end,. ':Phi$ is knewn to tuvn over from the prel1m1 .. 

nary calibration ($$.£: fig. 6) .and fl?om the consideration that 

there is only an ex.t11oemel.y small p;eoba.bility o;f a pa.rtiele 

passing through a nd .not losing any ene11gy + The tiata on the 

o-10 and t he. 10·•·20 figures at l/8 gain;, namely 508 and 509 

fr ;;i.mes l"espeetively, ave ambiguous on this sco:re-. According to 

t hes e figures t he eW?ve could still be rising though not so 

sharply aa it is to the right .. The tine sca le data t hat might 

settle th.is point definitely \Vere , unfortunately I last when 



that p:;i~tieular amplifier chose to go bad ; the little that 

is left has no pal?tieuls.:r signif'ieanoe . But it is knovm that 

indicated. t h.at this was som.ewhere in the r ange 8 to 12, and 

this region , so let us t~ike t he figure 10 as the maximum 

point of the eu.rve, 

irh.-e results of this curve fitti ng are e.ll summ a.vized 

in figure. 9,, The interesting thing is the very high tail to 

the eu1"ve. It is t:ted in with the large munber of pietui•ea 

taken rlith just one p8.!•tie l e shotting , e.nd ia in ta.ct a 

r-es t atement of the same problem redu,eed to nw:nbe:r·s .. 

4 . 4 .P:t.scu.13sion ot diff erences between eKp-eriment and 

prediction. 

In tb.e two pJ?eceding sections t i·iere have been obtaineef.1 

an experimental and a theoretically predi()te.d euPve fov 

energy .losses• They ~:re show11 together in figure 10~ 

itow t hese t :w·o curves 1u"e re,Jlly not derived fo1 .. the 

indicates variations in the amount of iQid.zation aotu.al.ly 

found in the g$/.S of the counter. The p.ved1eted curve is one 

wtd.eh b:i.dicates hott muoh enerS;v the p~imal'y pa!'t1ele would 

be ex.pected to lose there, whi.ch i.s not the same thing at 

all. Consider the meeh.e.nism ot h ir .e energ,y losses~~. A 
* . -· - B;/ a large @nel'gy loss or t.Fans er ls rneaht one . n 
which t he seeon.dary e-leetron reeeive$ enough energy to pro ... 
duoe subisequent 1oni. A low energy l.oas is the ease in which 
:no subsequent ions are formed. 



primary particle loses energy by transferring it to -a-n alee• 

tron of the gi,,s and t hi s e 1ec-tu•on dissipates its e nergy by 

ionization alOl'l(;?; its path. What t h e t heory talks a.bout is 

t he energy lost by the pri mt~ry particle by hi,gh and by low 

energy tr.a. t1i::li'ers, 'W-ha~ t he counter eoneerns itself about ts 

the final ionization a¢tttally to be tound 1n the gas, The 

second might be ¢1.iffePent ft-·om the f1:rst eithet• it som~ 

secondary pa~tieJ.e formed withtn the gallJ should pass out cit 

t he gas without having di s sipated. all its energy or if some 

secondary pe-1;-tielea foPmed in the e-.ounter well should pass 

into the gas• The fi:vs t such e.ffeot wou.ld deer ease a. 

:reading) the s .ee ,.;; r1d would ine~ease 1 t ., 

The .:reg:l.on of eompar1a-on inelud.es t h e region from ze:r-o 

to forty tin1es the most probable ioniZEtti on. From the t heo• 

retica l cu1~ve t his most probable loss is about 6000 eleet~on 

volts .. In round numbe~s t h~u the ooneern is in en.:e~gy losses 

up to about a qua.rte~ of' a million e lectron volt$ (.25 Mev). 

Let us consider what wou l d happen to a part-.1ele of this 

energy due to the presence of a magnetic field and due to 

its limited :range• The magnetic field was 6550 gaus-s:; this 

would cause such an electron to move in a eirole of radius 

o.~ ern . The mean r ange for• such a particle is o .• ms f!J.nlom2 

which wou ld eor•.r•e.-spon<l to 13 cm r-a.nge in the eounte:r gas or 

to O .023 cm r-ange in the aluminum walls. 'These figures 

indicate t h at electrons of this energy formed in the l ast 

o ,.023 cm of' the wall mi ght pass into the gas• Now the 



proba.b111 ty of such an electron being fo.rmed is mass depen• 

dent, and the layer of wall that is feeding electrons into 

the gas is l .. ou.ghly l2 times as thick in grn/om2 as the gas; 

$Uggest1ng that more eleet:i,ons might be ente1"ing the gas 

than are formed 1n it. The situation is confused somewhat, 

however; by the fact that electl•ons entering the gas from 

the wall w:tll be cut•ved around by the magnetic field and 

may reenter the wall. As to eleetroris formed in the gas; 

those · formed 1n a central region have no possibility ot 

esoap1ng; they are constr(ained to moved in eireles entirely 

within the gas of the oounter. 'i'he conclusion is that the 

edge effects will inerease the tail of the ex.peeted curve 

by an unknown amount. 

It is seen that t he experimental and the theoretical 

curves differ considerably. Why? It has already been hinted 

that the theory was not applicable. Symon•s c:r:tterton •. tor 

the lower limit or applicability of h1$ theory was that 

e > 51 

where e = ¼ipt 
and I 1s the aver &.ge ionization potential as used tn the 

usual formula tor mean energy loss• Now I tor a~gon is 

about 190 electron volts and e turns out to be in the 

order of 390 electron volts. We see then that this ease 

is somewhat beyond the limit of a~pl1eab111ty ot that 

theory. Physically this criterion is tied in with the 

requirement that the material should be thick enough so 

that the vaPiat:tons will be much larger than the 
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ionization potential~- Symon has shown that as the thickness 

gets less ~ the ratio of the rms fluctuation to the mean 

loss becomes infinite. The implication is that if the theory 

is used past its lower limit it will not predict wide enough 

fluctuations. Such seems to be the oase. 

Three things might be questioned about the conditiona as­

sumed when that caloulation was made; (1) whether the spectrum 

is as assumed, (2) if it is true that only mesons are import­

ant, and (3) whether or not equipmental errors might enter in. 

That the meson spectrum might be different than tha.t used 

is quite possible. If one considers Wilson's data and the 

ou1~ve which Rossi has drawn through it (19,20), one realizes 

other curves could have been cuawn through the same points. 

In particular one might easily think that the data indicates 

fewer low momentum mesons and more higher momentum ones than 

Rossi indicates. Making such a change would widen the expect­

ed fluctua.tion curve. '$t 

That electrons are actually present is seen from inspeo­

tion of the piotures concerned. Some are definitely identifi­

able :for they show a measureable momentum that does not change 

appreciably in pa.esing through the .89 gm/cm2 of the counter. 

The number and relative distribution of these will be uncer·tain, 

however. Those pre.sent will proba.bly have been produced local­

ly, there being 320 gm/cm2 of concrete above. The effect of 

these on the pulse height disitribution observed might well be 

in either direction. 

1t- This follows from the details of the calculations. See 
the last pa:ragl"aph of Appendix B. 



Certain troubles in the equipment might affect the experi­

mentally observed curve of fluctuations. The amplifier might 

vary somewhat in amplification due to tube aging or the voltage 

to the proportional counter might drift slightly. There might 

be random effects. Since these readings were spread out over a 

time span of six months suoh influences are quite probable. 

This sort of effect would spread out the curve as measured. 

Of these four effects mentioned, if they could be allowed 

for, one would have little effect on the agreement of the cal­

culated and the observed curves, one is indeterminate and two 

would make it better. 

Fortunately there is another piece of theory which gives 

an estimate of the ideal case in which the equipment is working 

perfectly and stably. In a.11 theories of energy loss, the loss 

is divided into two kinds, high energy losses due to close in­

teractions and low energy losses due to distant ones.* Close 

collisions happen seldom but are potent; they result in littlt 

knots of ionization or S -rays scattered at finite intervals 

along the tra.ok. Distant collisions happen -. :frequently; they 

result in an energy loss spread out fairly continuously along 

the track. It is furthe:r shown that roughly equal amounts of 

energy are lost by each process. Thus for pa.th lengths short 

compared to the average interval in which happen large energy 

losses, only the one type will usually be observed. Thus the 

mean loss will be roughly twice the most probable energy loss 

for short path lengths. 

* These comments are based on two seminars given by R.F. 
Christy of the Institute. 



'l'he present ease is a. sho1~t pa.th length in the above 

sense., Let us then examine the ratio of mean to pl!'obable 

energy loss• A. oaloulation made on t he predicted ou1•ve showa 

this ratio to be 1.4, and one made on the observed .ourve gives 

it a.s 2,.9. Presurn__,ably the ideal ts somewhere in betw-een •. 

4.5 Othe:t• experiments.,. 

ln the literatwe i,s ve-ry lltt l e experimental wo~k which 

parallels th1$ wovk. Mueb exists on :range straggling and on 

the inhomogeneity introdtuJ.e<l int·o ho.mogenoua bee.ms by foils 

ot metal,. but t hese .d,o not a pply• HowevE3'P 1n the published 

Pe$ults ot two llusaiJan·s 1,s wo:tlk that is quit,e close. N. DobPO• 

t1n (22) haa descl'ibed e,tpewi.ments with proportional eounters 

deteeting eosmie ~ays 1n Which a curve of fluotue.tions 1s 

obtained• His d1f'feJ:"e11tiat.i.-on. of p~t:teles is as to whetheP 

t hey a1•e or the ha1:>d ~ompenent {8 em Qf leiad) or not., 1.ro thia 

be fitted a curve calculated fro,m Landaut$ t heory, finding 1t 

too narrow and its ta:!l t -Ob low ♦. One (lan.n.ot tell how mueh 1 t 

was so, for t he~e ts neitb.ev graph nor data g1ve-n of the 

comparison,. He does give a small ttg:ure of the tluotuations 

themselves• tihioh is given in its -Qr:Lgina.1 siie ln f1g" l.l,. 

s. I. Niki tin (2Z,) ~ !n an attempt to verity the vari tron 

hypothesis, publish.ea some flu.etuation data. He too eompa.res 

his data to La r. ,d au ts tbeotty, and prints sever a l fi gures show .... 

ing the comparison. One ;suoh,- fol' particles in t h e hard oom• 

ponent {5 .,4 om of lead), is given in fig,. 12, :tn its original 



size. It is difficult to tell how great are his variations, 

for these figures are small and the comparison 1s carried out 

only to twice the maximum. What ts aeen there appears to have 

variations about as great as those obtained in this work. 

Each of these men used gas thicknesses comparable to ours, 

though Nikitinie wa,s · spread out over 16 cm of pa.th length. 

The two ba.d other tnteiestt in d<>ing this than cloud chamber 

control. 

4-6 Oonolu$1o!ls 

Fluotu.at1on• in ion1sa.t1on a:re great, greater than would 

be expected troni the enrapolat1on of •·xteting appi,oxi.mate 

theoretical ea.leulatione. 4.s a result the measurem•nt of the 

ionization p:roduoea by a particle alol\g a small part of its 

pa.th length ls n<>'t a. good. 1ndlcat1on of 1 ts me.an 1on1gat1on 

or of 1 te most p~<>'bable 1ontzation. Data so obtained cannot 

be used w1thout a•vere sy$temat1c error in determining the 

masses o:r velocities of stngle particles .. Nevertheless if the 

sensi'ti\tity of the counter ts .ad.Justed to select particles of 

say four times minimum and above, tbe counter will select low 

energy events $&.tisfacto~tly-.. ieeause the trailing edge of 

the tluotuation-s c>uve • 1S long, one will still get some pic­

tures of minimum ionization (in •ect1on ·3.2•e oase a.bout 2'%, 

of all these> or about :706/o of the· resultant pictures). At tht 

same time stnoe the leading edge is sharp praotioally none o.f 

the rare events with high iol'ltzation will be lost. 
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APPENDIX A. 

Estimation of the differential momentum 

spectrum for mesons at the equipment. 

Several momentum spectra for mesons are given in the liteJ.i­

ature (see Rossi. ref. 20, p. 542 et seq.), but these are given 

either a.t some altitude or at sea. level with the air onlyover­

head. Our equipment was located on the first floor of East 

Bridge, a three story building. The question is, then, how all 

this matter above the chamber will affect the momentum distri­

bution of the particles it sees. 

The first question is just how much material is actually 

there .. To this end, the structural drawings of the building 

were examined and checked with actual measurements on the spot, 

the latter being necessary because the drawings a.re not in ev­

ery particular correct. From this information two scale draw­

ings were made of cross-sections through the building passing 

through the chamber. These drawings made it possible to deter­

mine how much concrete lay between the chamber and the sky in 

any given direction. 

Knowledge of the geometry of the counter arrangement per­

mitted a determination of the angles 8 1 (limiting angle at 

which the upper counter entirely subtends the lower) and 82 

(the angle at which n~ither counter subtends any pa.rt of the 
. ' 

other). These angles in the long and the narrow dimensions 

were: 
8, : 20.3° 

82= 37.6° 



Then the relative probability of finding a particle in any di­

rection 8 measured in the wide direction of the counters 1e; 

P(B) :.: ~ cos 8 

p (8) :;: J(B) cosB (a+ b -- h tanB) 
J(O) 2b 

p (8) :;: 0 

In these expressions J('B~(O) allows for deo.:rea.se in 1nten-

.s1 ty With increase of zenith angle · 8 ; this exp:ressi~n ~~i ta.ken 
l· :: 

t ,o be oos2 8 . The eoe8 a1lovta tor the foreshortenin~~ of:V the 
• f · • ': ,. 

a.mount of are.a through which the :radiation might pass. ~tnlie 

additional te:rm allows foP tbe fact that particles passi.ng 

thr~"Ugb tht upper ,ounter '1,l1 di:'ll'eetions 8 > 81 oan pass 

thl'ough only a ;.1ortion Gf the lower ooulliter. Here a. and b 

are the half length& of. the upper and the lower counter respec­

tively, and h 1$ the di-stano:e between them. 
' From the Sieale uawing$ of the buildings it was determined 

how much ma:t.e:rd.al lay l.n .every direction ,of interest. This was 

tabulated ~,a• t (8). A numerical integration was then carried 

Oll'tl 

tave = 
{t(9) P(8) d9 
f P(8) d 8 

w·h1e:h results in an approximate result for the amount of con­

crete overhead. 'rhis l'esulted in a figure of 58 inches of re­

inforced concrete; which at a density of 150 pourids per cubic 

toot gives a thickness o:t S20 grams per s<tuare centimeter. 
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Now concrete consists of things like lime (Oaoo3 ), sand 

{SiOz) and waterp with about 4% by weight of iron. Absorption 

in matter depends on the ratio: IZ;"'i,A . Figuring on a. 6 

to l mix in the concrete, we get this ratio = 0.48. This fig­

ure is very close to that for aluminwn. The point of this is 

that it is possible to figure the concrete as approximately e­

quivalent to so much aluminum. 

The presence of an absorber will change the distribution 

of momenta observed under it by slowing down individual par­

ticles and possibly too by production o:f new particles in it. 

The former change is what is figured here, as it isi something 

about which there exists definitely :formulated theory. 

The problem is: 
I 

To ea.ch old momentum p corresponds. a 
. I 

new momentum p which is a de:fini te function of p and of the 

absorbing thiokness t. 

A distribution n (p1
) dp~ is known of the probability of find-

ing a particle in the momentum r .ange from p1 to p1 +dp 1 

• To 

this is to be related a corresponding new probability distribu-

tion n' (p) dp l;f p a.nd dp are the new momentum and momen-

tum interval corresponding to the old ones, p
1 

and dp' , then 

n(p}dp = n(p
1
)dp1 

or 
• n{p) = n(p1

) ~~• 
To perform these operations, then, one needs a table or 

I 

graph giving p
1 a.s a function of p , and another giving dp~p 

as a, function of p
1

• 'l'~us if n{ p') is plotted on doubly loga-

rithmic paper, the operation i.e very quick. • One carries t he 
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I the ordinate corresponding to the abscissa. p over to p , then 

gtQe s up or down on the same new abscissa by a distance equal to 
I 

the scale factor dp/dp • 

The result of these operations is given in Fig. 7. 
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APPENDIX B. 

Fluctuation curve predicted. 

As indtoated on page 22 the prediction of the probability 

N(E) dE 

tegral 

of a loss between E and E + dE reduces to the in-

N(E) :s JP(p,E)n(p)dp 

Here n(p) is the result obtained 1n Appendix A, and P(p,E) 

1s contributed from the theory of Landau and Symon. 

Symon gave a graph a.nd a table of the function f P(E) wr-

SUS E-E p (all notation his). where 

b( e = Ne4 z 
CTw = mv2 A pt 

Ep - eon+ + j) - most probable energy loss. - -. 2 
I2 e~ I 

E = 
2mc2(w2 -I) 

w = 
✓I -/$2 

I: the average ionization energy of the absorber 

J: 0.373 for thin folla 

b: 1-48 for thin foils 

F = o.663 for thin foils 

For this caee, the thiokness of gas pt :: 5.59 mg/om2; 

Z/A: 0.45; I= 190 e.v. We then get 

~ _ 386 
'- - 2 /j 

_ 572 
O'w - J 

Next is calculated 7 , Ep • and CTw for 212 mass mesons of 
O"w 

nineteen different momenta evenly spread on a logarithmic scale 
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between 30 and 30,000 Mev/e. Then a. series of 19 tables were 

prepared of the variation of the function n(p) P(p, E) with 

E for the different values of P. Graphs were made for inte:r­

poletion purposes. Fror:1 these a set of graphs of pn('p)P ( p , E) 

were made, this time plotted on semi-logarithmic paper with E 

fixed and p variable. In this form the evaluation of 

00 

N (.E) : f! n(p) P(p, E) d In p 

is possible by conaidel'ing the a:reaa. Thts was done with a 

planimeter, and the results normalized to a maximum ordinate 

of unity (Results in Table V and Figure 8). 

We can check now on the oontr1but1on to this curve due 

to partielee that would be expected to have high mean 1on1.z1ng 

power. In section 3.B it •as suggested that particles of nor­

mal mean ionizing power up to 3 x minimum might be included in 

the experimental curve. For mesons, this corresponds to a mo­

mentum of 55 Mev/o. A oonside:ra.tion of the graphs of pn(p)P(E,p) 

shows that the contribution to N(E) due to momenta less than 

this limit is very small. and due to high momenta. is large. 

To illustrate this point a. sample of this function is given in 

figure 12. 



E 

3000 

3250 

5500 

3'7 50 

40QO 

4250 

4500 

4750 

5000 

5250 

5500 

5750 

6000 

6250 

6500 

6750 

7000 

7500 

8000 

8500 

-40a­
TABLE V 

PR:BJDIOTED. EMEH(JY LOSS D;ES'.lJRI BUTION 

N(E) E N(E) 

.000123 9,000 .19.2 

•. 000676 9,500 .135 

.ooa11 10,000 .11a 

10208 11.000 "'07?6 

.00~2 12 .;©00 ,.0544 

,220 13',000 .0406 

~415 14,,000 .• 03J.§ 

.ooo 15,000 "0252 

.750 20,.000 ,010~ 

,865 25;000 .006Q3 

,961 io.ooo .00576 

.975 35.000 .0026~ 

1.000 40,000 .00192 

,938 45.900 ,00146 

.eoi 50,,000 .00113 

.861 60,000 "000755 

,.765 70,000 ,000538 

.589 8()~000 .000405 

.387 901000 .,000315 

.261 100,000 .000250 
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Fig. la. Safety Circuits 

JLNo __ .._____ . 

54

1 

~-
0
--A---B --c--n--E---<> 

2/4,v de 

A: To switch operated by water flow. 

B: To thermal switch in water line. 
Kl,K2 

C: To thermal link on mggnet. 

,- D: To magnet voltage protective relays. 

~~ I E: To water sensitive switches on floor. 
I NO 
, r;<-=-------,.E>to magnet field relay circuit 
I NC 

-----------v-llOv de (. 

I 
.NO 

--------------.im.J 
r 

I 
I I 

"""'3 /. 
1
NO I 

I 
---+------,..------1[> 110v de -

~-------,.----~ 110v de ./, 
I 

.,__ ____ .,, ....il.lot.--~D de 1 ~ 

s2Jz. NO 

make 
coil 

r:-_ _____. 
-------[> 110v ac 

.__,-4,v~-R4--'---------DllOv de -

water 
valve 

solenoid 

, ~ llOv ac 

~24vdc 

~ ground 
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Ii'i~:. lb. • .Sai'e t y C:i.rcu:i. t s 

Rever se NC 
/ To t l10 c,rclin..,. timer _[_ ~ , J 

/.~ ~ limit switches. 
Motor1 svlitehes 

I 

To t l1c cyclinz timer 
Forward NC si,itchcs. 

I NC 
24v de 

-2..HO 

KS 

I 

), NO 24v de <l~------------- 1 • 
I 

-1> Por1er to t.he 
timer circuits. 

I NC · ---------, 
<11--------------~< r.;o 

110v ac 

400 
cycle 
2/+V de 

<lt-------➔@-1_ ;-,o.11 plug 

<t""T' ...... ~------, 

lamps toindicate 
whether the poucr 

is on. 

••----, 

la..11p which 
indicates 
,Jhen. timer 

is off. 
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Fis. 2. The Proportional Countei~ 

8 

1. hlet-8.1 cylinder formed from l" o.d . 16 :::o.ugc SO alu.':linun tubinG, 

s·quur,)d and copper plated. 

J. 
, 

J+. 

5. 

7. 

8. 

9. 

'il1..:1.:;stcn r:ire 0.001 in. in diameter. 

Ie' l at copper emts, 

Kovm· eyelet containini class bead. 

Sr:1all Kove.r tubing. 

Glass coverin;: to Kovv.r tubing. 

Brass cylindrical rin~ .for mountinG• 

Silv:)r soldered joints. 

Tin--la.,1.d soldered 5oin~.s. 

10. Fillin;" ; tuba , pinch•:id o;'f to a f eatlw r ecl,::;e, and seo.l r einf'orcod 

with fJolder. (Not shmm on this drm1inr,:;.) 
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ns. 2b• The p-rQportlonal coun~<:11:'t 

Two unt1lle4 tube, are $hOwn 1n suocesa1ve s.tagea 

ot thetr manutaoture. !be one on the ttlght has 

had b»-ass tleeves mQUnte4 on ♦a-ch en4. 1.'h& lowei­

one 1s pl'oteoti'i'e1 ah1eldlng t hat end from p1Ckut) 

an4 tvom dust and mo.t.atw,e. 'lbe upper on& also 

·1e:11·vea to mount the tube on tbe glass ot tbe 

chambel' and to pov1de ele·otw1cal oonneot1ons .• 



-45-

Fig. 3 .. Counter ounting, di ass mbled., 

'l'lle countel' is seen in place 1n the charnbel'.- One can 

see washers hose tac s tU-e ouPved to ttt the glass 

ot th · ch mbei-. '?be component ot the elect:rioa.l 

co mectiona and shield1ng are shown separately-. These 

consist ot tlex:tble ooupling, a long sle ve; and 

oonnectors to lead the s1gnala into the preamplifier. 
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Fig. 3b. Counter mounting, assembled . 

The counter is shown in the chamber. Oonneeted to 

it &Pe the lead-out wire and its h1elding. 



~
 

.~
 

F
i;

. 
4a

. 
Ar

np
li

fi
r.3r

 
Pm

m
r 

S
up

p
ly

 

i>
 

f
i

la
"T

ie
nt

 

0
, 

_I
__

I_
 6A

c7
· 

I 

6A
S7

G 

f 
30

0v
 

1>
 

fi
lo

.:-
ne

nt
 

,t>
 

I ij::
s.

 
-..

J I 



-48- . . 
Fi g . 4b. P-reumpJ.ifi0r Pm-ier Supply 4 150v 

_l J_ 
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All tube~ except J, 6AC7 

> 
91K> 
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Resistor valm:ls in ohms. 
Condenser values i n micro-microfa.rads. 
K: x 1000 ; M = x 1,000,000 
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• 2000 



-51-

Fig . /+e. Coincidence and Gate Circui t s 

All tubes r of 6SN7 ,;, 

OOv 

Goi;_:;or tube 

#l~o 
IN <J- ¼- t-,,--t--­

L"i1 Ul 

50 

Resistor wc:.luos in ohas. 
Conl1 onser valu,_,s Li rn:Lcro-microf arads . 
K: x 1000 M : x l, D00,000 
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Fio. 4f. Meferlng and trip . circuit,. 
All tubes ~2 • of 6SN7 or 6H6. 

O·IJi 
E a----l i--r--....,_ 

e+ 
OOK lOOK 

==== Exte rnol 
...,__~ meter 

zero. · 

- Trip 
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-53- Fig. 5. Proportio•nality 

Test on the Counter 

12 

MGter readinc 

V21 
I 

Narrow dimension, 
171 counts total 

Wide dimension, 
255 counts total 

16 20 
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Fi::_; . 6. Proportional Counter Test 

200 

150 

100 

50 

0 

Mo tor roo.di..'l').6S 



~ t 
I 

~ -
i ; 

" 3 f :r: 

~ J 
~ ;[ 

"' n 
~ s 
~ 

"' .. .. ,, .., 
" 

._:; i ;-:l , 
; '·F Ti 
' :•· ; 1--: 

:· ~-:- r 
;J"J~ 
~·T: ~ -n 

-55-

.f 

-1--1-1 
' ' ·: -:--1 -



0 

~
~

i '
-'

-F
·-:

 _,
 j+

i .L
.T

;
.

•.
j

_J
._
1_

u.
.w

 ....
. 

1 •ili
tt li~~

i~l:W
ffi"c

 
---

JF
4L

T 
F

F
 L

n
 

f ~J
Ji

#J
-1:

r. 
i-~

:i.=
=i:

:rq
i
j-

-
-..,_

...,_
, 

_t
-
n

ft
 t 

+t
.tl

.~
1 :c=

r 
-t

L
•-

\ 
1-!-

1 -t
:-

-;-
f-!

+J
H

-•
 i 

-
+

-+
-+

--
-+

-
• 

~ 
! 

t 
/-'

 1-
- 1 r: i,

 
+

±
I
t
~

~
-

: 
-:-

H+
H

 :-~
~

1
-
;
-
;
--

--
1

-+
-,

,-
-

-+
-+

--
'-

'-
-.

Y
...

;.
..-

;-
+-

++
-r

1c
-,-

1H
--

+-
+-

l½
--

i-
+

--
,-

1-
'-

¼
'-

+
 

-1
 +1

7 
+-4

+~
 -

I •
r
:·

-

T
i 

rb
:.1

TT
 ::

1
.r

jt\
rr

:;
j~

 _
 

_,_
,_,

_,_
,....

.....
 

>-
f--

'-_
;--

...;
-_

;--
---
1h-
+

'H
 

.-
·-

_ 1t
p

·_ :
:1c

·1=
-r~-

-:
 J

 \
-:

 
1+

1' . 
..!

. 
+

 :
.!

.I
. 

T
l-

j-
l-

__
 ,~

.J
-

-t
+~

i -
-)

 -r-
-t._

 -1
 -~

+ 
4-

~
>

-
-
'-

-
~

-
~

 
-+

--
r,

;-
-'

--
.,

-t
·-

H
-r

-H
--

,-
;-

,-
,,-

-i
,.

,-
,-

-,
.,

-t
-,

--
.t

--
-r

-c
--

t-
c

-·
H

--
H

-t
-,

-t
-t

-t
--

h
h

--
t-

-+.,
. -
t-t
--

-h'..
..,.

..--
;..-

:;_-
.;

.-
H

-r
-H

--
H

-,
-,

-t
-t

-+
-H

--
+

-H
--

t-
:-

--
r-

-!
-t

-+
+

-H
-:

-t
-

-r-
l-

,-f
-

r-•
 1 -

+
-1

 

' 
' 

i 
i 

-=t
:.t:

i-tl
j:

lt
tf

tf
fl

~:: 
~ 

1
-
+
-
H

-
~

µ
~

,-
+

..
;-

'-
! 

-+
+

+
-I

+
+

-;
 

-+
-+

-+
-+

++
 

·t-1
1=

:= 
-t+

t 
·a1

=~j
~ru

d:L
ffi

:-
L

j r_
 rftr

-H
-~-

'-
!-

+
+

-i
--

i-
-+

-i
-t

-
H

-+
-f

-'
--

+
-r

+
-1

 
·'

-'
-+

-+
+

+
+

-¼
, 

!-
+

-+
-+

--
1

-+
-H

H
+

-+
-t

-+
+

H
-+

+
-H

--
-,

-t
-i

-+
+

H
~

 
~

-
,
-
.
;
-
-
+

-
;
-
,
.
.
.
;
~

-
-
-

=n
-
H

-
::t

~j-
-

7
,
 

, 
,r

r·
-;-

·n-
;--

1-
·,-
h

,,
, 

-~
 

P
 

+
-+

+
 ..

. -
t-

t-
-l

-1
 

-
--

, 
' 

I 
' 

' 
I 

·:
-,

-
, 

--
•-

·,
7

-
·-

1-
1"

"[
·' 

·t 
j-

-,
-,

--
,t

 
H

-+
-+

'l
+

-'
-t

-1
 

+~
-H

--
1

-4
-+

-+
-+

~
-

-1
~

-•
-•

--
• 

•-
-

iit}
~f J

l mr
~~t it~

 
lii.j_

, 
j 
.u

 ....
. J 

-,
-,

-
' J ,_

J_
,_

,_
1_

,-
J 

• +
+i

-t4
+1

1 
--

~-
~

~
 

: 
1 

: 
~ P

 l-
+..J

 
-+

,·1
jT

, 
·· +

1
~

-:
-1-

1·
!-

l-
l-

..
, 

-,--
-,-

•-
,-

-, 
-1

--
-

rt
1

-t
-1

,
r

H
-!

---
:-H

+ 
1

+
:-

h·
1·

 ,-
L

j-
f-·

1 
,-

: 
;-

-
-

-t-
-,-

-r-
-

·,-
r+

u
+

 
l...

l-i
 +-

++
h·

1'·
HT

-:-
1, 

·-
+

-,
 i

 
i"

ri
q

. 
-~-=

;.:1
::·-~

qff
l-:J

_ -n
-

"-
-i

 r
·r.

-t 
-1

-
_,

_,
_,

_ 
,-,

...
.,.

..
, 

i-
1-

i-1
-

-
~

i
-· 

t -
-:

-,
-·

,-
.-

i-
-·

~
 

~-
,r

-
r
 I 

I 
-1

-W
 

-
-

I J
_i

_ 
L

 +
I 

-
' 
+

 -,-,
 ·t

 
• 

~-
r 

I 
H

--
'-

f-
-'

-+
-H

-.
,.+

-J
+

-i
c--

!--
-+

+ 
-r

~
~

~
tt

!]
lt

 
--

.... t
-'

 
-,

-
--tJ

 ;--
-L 

/-
'-

,r
-

1 
1 

1 

1 
r"

"'
"+

r-
1

-t
L

L
 ••. --

:4
--

1 ~
r

, 
: 

/ 
-

1 
~

c
 

l.
..

..
!_

i.
 

1 ·
-'-

+-
-+,

-
,--

+
-~' 

+I
-'-

-+'
~

' 
tH

~
t,

 '
-i

-+
1

-
I-

W
T

,~
 

·t
-•

-
-,

-'
-i

-J
 _

_
__

 t±
±

-<
-,

-
-

-
-

-
++

--!
-

·"
'.

iJ
:m

~
il

!t
~

:l
 

·
-

d.
LJ

_ 
--

~-•
-'-

·t·
--H

-
L

.L
J.

-
1-

·-
·t

 ... 
f']'-

,_,
 __

 
]_

L
_

j 
__

_ ,
 _

 _
:..

. 
-H

-l-
1-·~

1:·
 

f'
 

-l
 

_
L

i_
l.

L
L

 •
• ,

.L
 

t;-:
 -

-
, ,

 L 
-

-
! 

'F ~ 
_, 

,+
 -

+:
-

i-
, 

'-f
--

:-,
 +·

 -
--

-r
f..

i..
. 
-H

-
n

•-,
..,.

+-
,...

....
--

r 
' 

• 
.C

-H
+ 

L
J-

--
--

-
i 
1

±
r,

t
-

, 
--

f-
l--

r+
r-1

--'
 

,,
 

f 
-

f--
:.J

H
--,

-1
---

'-4
+

-l
---

-! .
....

.. i
-+

-t
--

:-
i;,

,H
-.,

-,.
 ....

... l
-+

-!
-'-

-h
-t

-+
+

+
 

T
l

T
 

-!-
;--

, 
,-
r
t
 l

 ~
l 

I 
' 

_j
 

' 
, 

' 
L 
U

f
f
i

f 
1 

• -f-
1'

 
I 

,-
·t·1

 ·
-,-

t:D
 · -

l 
+1

--+
-;

-:
 

, 
n

-•
 

--
1 
t-,

-.,
 

-
-

1 
' 

... L
I-

-j-
_1

_ 
-'-

rl
-
-

-~ 
-
r
-
t 

_f
_ ·

-
,_

 

!i-
i·

 
' 

,..1
-
-H

-t
~1 =;=:

=L+
-1·t

·1=
rh-

-H
+-

+~
-=;

t!i-
-t+

r= 
1i

 
P

:.
i-

-+
+

 f
_

-... __
 i'.:-

.L
f-

1-
1-
~
 ... (+

7r
~.

J-
jil

-+
f-f-

C~
-t-

rc
.T

f±=-=
 

-~
d-

1-
•_

[ _
_ 

1 "
"'.

'f'
-

·-
t-

'-l
 

T
:-
·;

+
f-

r-
-i 

1·
•-

!-
i~

 
'.+

+ 
-,

·-
--

n
·r

n
 -

-
~

--~
l
i-
1

~
-

-
-

1
·-

1·
 

I 
··-

-i
T

 
--

t1
·:-

1
1-

,-
,-

•-
,-

-
'-

•-
·-

_
J
I 

..)
._

1 
-\-

·'
-r

l+
 ~

, ,
_ r

+
+

-1
-

-]
-'

·'
 

1-
-•
-
r
H

 -
r
j_

, 
-,

-,
-,

..
L

 _
J 

,_
 

.,
 

--
• 

-·
-·

 
..,.-

-,-
rl
t
'1

-
L

 
: 

'
,. 

• •
• 
h 

·, i
-1

' c
' 

+
 
•-·

•iJ
 h

 
"·l

:rr
c 

-'r 1
"
 ,

 :+
: 

Ii
 

• 
,.

,+
1-

: 
C

 
tJ

 
i-

N
 

, 
, 

, 
, 1

 , 
1-

r,
· 
n-

,+
t L

T
IJ

T
'i
' 
'-

t+
!'

T
 T

-,
, 

, 
,-

• 
i-

• 
1 

, 
--

H
--

L'
 

!+
t 

,::t
1 

:L
17

_~-
-i 
r
r
 J

-~
·

n
:u

·:
=

u
..

.µ
, ..

. 
fff

L=
tt-

1+
:~

 -::
r::1

::-
t 

-;::
t-P

-1
 r 

+1
-' 

t:-t
-1 

t-~
 

t 
-l 

./ ..
 t•

. 1
~

:-
[ 

h
:+

t:
_~

·-t
::,

l-
1tL

+t
=.

:'.-
i-1

-+
-T

r'-
G

j.:
-±

r: 
: 

J:
:ll

"!
" 

-
-,±

t,:
 

.;..~
it

=
 

~ 
1 

J
.-

-+
-(-

; 
, ,

 1
 

1 
·1-

,_
+ 

r_
!_

i_
 

L
' 

;_
w

, 
L.

...
 

1 
W

--
'
H

-
~

-
~

.
.
.
,
~

-
-
-
-
~

~
-
i-

-
-
~

c
-
t
T

i-
H

 
-+

-+
--

+
-'

--
-+

-t
-1

~
 

1 
1 

1 
1 

, 

1.
 

W
,

-
1:'j

-1 
~-;:

rn
:f

+
;:

 J
..

fR
 ... n

:7-
:-

1-
=,

,.G
'.':

i+
L

'--
'--

; ~
J
 

f-+
=i

~
-

~;
~_

r-;;:
r;;c

:1.:
.¼I

 
.. i::

d
-:

,Y
L

 -L
-• 

!1
-f

+
=

 
1 -

.L
. 

1 -
_,

 
t·

t-
1

--
,.

.L
t-

·-
·-1

-•
-1

·1
-I

-
1

·i
H

-h
 H

-l
 

-
--

t-
--

-
J. 

~-
, 

--
-\

 
~
 

t·
rt

-~
 

+
i-

-t'
-i:

J:
+'

, 
f-

: 
rl

-:-
7T

j-
: ~

j_
 

7 
,_

 
ri

h
-,

-W
-,

+
 -

1 --i
-

r~
-h

 
--, 

c 
. 

.!
.,

 
-I

--
IB

,1-
i·-

l,
-,-

-
__

 cb
_d

~
,-!

 1
--

-1~
.n

i,
.:

,_
 L

r:
-· 

--
,-+

-:
7 

i+
'.

i 
+

,-
i-

-
-~

::-
-
, 

ti
 

. 
-

-(
·;-

-
_ 

-,
 

i 
_ 

_J
 
:-1

• 1 ... 1 
J_

 
.L

;..
. 1

 r 
_,

-1 
... 
u 

_ 1..,
.~

•-
. ..:

 L
./

 . .L
i.

L
 _

q
 _

_ ,+
 ... --i

--
L

 
_J

_ 
-

~
-L

' 
_,

_ 
L

L
 ..

.. 1
 ... 
1-t

±·
+ 

.....
.... ,
-
~

.__
..__

,_,.
._,_

.._.
.. 

• .... -
... ..

.;..
. ...

... -
; 

_ 1_, 
~,

-
L

\ __
 u

..
1

-.
1 ... 1

._
 

-j
-l

--
: 

-L
H

-·
 

_:
__

,_
i-

'-
-

-
~

' 
I 

;.,
 r

·L
 
-
L

1
g-

I 
H

-
1

~
.J

 
L

is
-I

-
L

h
+

 !
-L

+
-1

-,
-

L 
-
-

--1
 

-
"
' 

l:-r
-!

-i-
!-

-1
+.

1-
jj 

'+
,'-

d
-,

-L
:-

-i
+

n
 .

L.
 

-· 
1-

•-
'--

,T
 ..

.1 
-h

-
-H

-t-
i 

; i
-r 

+
-,

 rJ
~ 

1 -1
-1-

t~
\-

1 
-

:r
:T

u 
1 -

-1
-, 

-1
-t

+
 

r ·
1=

:;s
 -,

1~
3 

-l-
1-

rl 
l.::

l±
Jf:

I-H
.-:

r:-
+

 . -•
-L

! 
h

-'-
' '

 ' 
-i 

: -
r·

, 
77

1 
rn

-H
 

I 
7-

i-J
:::w

...w
__

 
H

-
·l

 ..
..

 --'
--'

r-'
--

' 
~

~
_

±
; 

1-
; 

rj
-~ 

i 1
-1

 
,7

 
f 

r1
 7

 f7
7

fi
"T

I 
I 

I 
f 

i 
! 

i 
I 

! 
' 

! 
I 

+
 

! 
J::

..,
 ... H

l-
' L

 
.:. 

:-i=
r-1

=1=
1-

1-c
-J~

t:r.
! 

'-1
..!

. 
L

!.
: .

.. L
 

j..'
.--

+-
\-

J
+

' 
' 

I
T

T
,
 

' 
I 

' 
' 

' 
' 

' 
' 

I 
' 

' 
' 

I 
' 

' 
' 

' 
' 

' 
,7

 
tr

, 
' 

t7
'.

'l
"i

i 
I 

' 
' 

' 
I +

+
-:-

+
-h

+
+

+
-l

 

fi-
n 

l-1l
h:

i 1
±t

fr·
F

H
i:(

Jj
Jf

!ii
~

 "
 ,

: 1:= 
-g

t 
~

~
~

tt
f-

,~
+1

-~i
p

 i 
: 

:-
1

 i ~-
~

-
1

1
·1

-
'·

:·
~

,-
+J

-+
+-

:...,
....·.

..-,
;....

.,..~
 

-1-
~=J

:i-J
Tr_

!.-u
~f

p-
:-

_1_
)::1

-:.:.
 ,.
·
 

... ;+
;-

-.=
t
i[

 -,
~1

1·+
_-::

:J~
~ 

,-
,-

!-
... L

, 
\-

\ 
1 
'T

i 
T

T
T

, 
1-1

-
-1

 
'+-

--
1

,-
1 

L 
-r

'·
 

l-
l 

-
! 
T

 1
 -

-
_

l_
l 

...
...

 
-1

 
.._

_,
_ 

+
 

-
-
l
 

-
-

) 
T

 
-

-
-

J.--
1

-

-l-]
,.l 1

:±
iT

1' T
-i:

i-
:--

~_
/..L

)_j
_H

':: 
+

I~
 j-

'--
-~-

~(
:::±

 1· l
. 

:=
 

:l=
t-i-

~ 
l-

-:_
'.=c

t-_L
f-i..

.c;=
.i=

-_tT
I=

r ,
:;-

~_
~-:.

:~
•I
:t

t±
 
lj

=
 

~
-L

I 
! ,

 +-
i 

'-;.
.L

~+
'::i

:_1
f:_~1

-H-:
--1-, c

-'-~l
~,

-..
 4:

FH_J'-
': 

-1.
f: ·~

rl h
 :-: i

i±
i'd

::b
1·i7

t
~1 1+

 :~1 1--1 -n
:

1 
l, 
p±

H
7i

t±
ttt

JLd
tt

!~
tt

lj
~

l+
l~

tH
:t

tt
~

+
!

-1 +
t :t

i~
 t,-:

 
4

-
'-

, 
, 

r 
I 

·-
, 

-
-
] 

'-
-
-

-
j-

-
••

 
""±

!: -
,-

-.
.-

l-
~ 

-,
~

+
H

--
m

r:
:r

::
:i

~
-c

~-
~ 

-+
-1

-
+

 
-~

-:r:
:o:

:1-
t= 
:
m

~
-

t-
+

 
J:1

:?
$1

J:
: ..

 [j
_

i:
:n

:n
 

'.
S

;t
l 

1 
~

: ;
 ; '.t

r: =l
t1~r

tHi
±JJ

[~d
=iJ

~d
~ ~

ttl
-'-

-j-



;; .d . " O• C .. ·-
" .. . .c 
0 # 

z 2 

l 
9 
8 

6-+4:J.+-=A:::::::::,,::..;::::,:.+=1=-~H~E.f~E:::E~~E3:t:!&:::;..=cEF.+::S:c;=:;:.,:+:;.;:::::9=,=a::::,,::;::i:.::;~t=~±H~R:;+::+:;.::.:;:+==1::.+=:P;:::F! 

.i:~.i-. :~ ~ -~;~ __ :;i ~ 1=: ::;;~ -

6--+-+----+ 

5 
~:_-;·:·7~::-. 

--
. , _ 

3 

~~~~~:.::.: 
2---jf---,'·-· ·.._•---,--· ·-t-++--+---H -t-:lr:±-~+t--i-H---1---+-r+t-i-H-+--+-++++-i-H,--++++-+-+-H --+-++++-t-H --'-i--t-+++-Hh --t-:---t--++-+-+---H ~-·-1-- r--,---, 

~\f⇒-~1-: =+ft ~-➔-+--,-; +---+---+-+-1---- -_.:~•~];:ll ___ · 1
1

-1
1

~-
- · t""" +- -· ,-- - :- 7··1. .,....... . -

l L , -1 -+- -H : . , i 1 , 
9 -k:::~~ :;;;; ~; ,; -: . . :C cic,;-;:,.±_ =--"'-_,tc., -""'~t...,,~.,.t--""_~-;,-,.;e,-,;-~c:±±=1 

8 --· ~: ;~_;.:~~:; ~~ ~~~~~ ~~ _:t~~-f.:_f-. -~J\r:J:c]:-·:-"' .. ::=1::-:f:-:'l:='£~=! 
1 __ -:.:-::_~.:.: .-- -.·.,: r.-::-: . -~-~:~:-.:~~ :.:·!~F=-i-= 

:~~i~~r; - ,_-,.._~c,c--......,c---t ·~ -=c+-- +~-;c;-s_.;cc:.c,+-;--c,-~'=r'E:=Fc'='i,::7'"'"~~-±='r-' ;~~_.f ,,_ .. ,,· :~: = t------,,_, _ ___, 

4 ~23~~~~~s~ 2,;~1it:t,,~~::3cl:::l4~~::¥~ $.:}}:~¥-c;=I..::~:Z]W~2~::¼~:i:~$¥~~~=1=i ~::·:_-·:~ . _;~_:-:_::._:'._ 
---"-::.~~- --~::-

2--1--;--;-...---,-!-i-t--t-~-t----t----,.---t--t-~;-;.,....,.--t--t-+--t-t---,---,....+-~.-+......--t-r--t-t--+--+-+--,-,----,-----:--+-+--i-i-+-----+--+-+---'-,-+----+--+-+-"---l-,.--i-~--,-t--'--!i--"-I 

-,--
1--t=--s-,1-+,1 ,~' c-r.,+-c=±-:,:=,:,=t-=!---,.,:;,-,-±=H""":-,.;,.+~1=!--,--,+.+=b,--l=i,--,,,,,-_-,,=+.,,,,.H=r+,+,.-i<,,,!➔,,,+,::-1=,-:=ic,-i-,,+c+,,,.,..,;..,,,H==h++.--;,---,,.,...:,____,_,_+,,,,,,...H=+---+,,-S:±c-~!==I 
9 - ---+--.c::,-,,,,.-,,,,-..,-=--~-':":i'-:t--.c 
B---,~c":-:'~~-~c'::-~"':,:~- ~?."'Ei::~E":':Ei~±'c~~'c-E'E:f=-E'Ef"r:'~;::;=,i:--,;-,~,:-=-;,,3"'3'=:-i:-:±-:!=f'l~'?.':-~;;;,t-,~~:b"':':E-'-::r.:+-'"---c'--~;,:+.~-'c"-::~'-'±-~~ 

1--F·:': :1:-:,-_-,--,!:=:.''::~;::- ± +-==::::'E-:E-:'-,::;;;,'--i-:::f'.=f'±":=::i::'-E~~-E--c:f:--c:--:::-:"""iC-.J~~~~:+.,,::c.::,c,;:_::.:;;;'F:?"'-'i:".,"'J=cf"='~~=-f:':':'=+':='c'"'-:-+'"'c:;:c.."-'--'1!=""':";;:.:;;c.::::"'F=;.;:.:.=:=:.:;:::i .::..1.=.-:::- ·:•~ 
_....... -- - I 

6'--t~=c-~:c·- -:--· --:,c:-:j:::::::::::t=:~±::-t:::bc:::i:-::::::t~---,-:±c-:t:±-:-7:::i::'.!'::-:-=.t=::--~c:---:l=-±--:-::-:::±±::t-=+:t--:"::-r-:::-:'!~h::"i-:::±:-c::::t=::::::=:::t::+-+.-:==--=-r-::::c'===-1--i:-±:±-,:::-l : ·;- r -i -

s :-: • ...:;:.~ =4':..+~=.;.-+-+c=--"'c-.;.-_;.=c.J=--;i"'>=~ •'"Cf ~~--•- .--1~--- - -:- • 

:i!~} ~l~: ==Fl::~:...:~-,--,.~- '-+:~~~~~~~~-~:~~~~~~:-+-'-- :_ :~:- ' ::;_ •• ,...; -;---,-....,..~-1 

-< ­
➔- . 
J-=~-

• ; : f1=V1--
-L--H..J...J 

I I I I I 1....,,_,__,_ __ -'-'--'--'--9-¥'\i~--'--'-,__. ......... _.._.,_.,....~,.._ ..... __.___._..J-.._.~'IA--'-J...-...J..--'-.J.....1.9',~l--'---J-'--'--'---'--'-''--"~fl-'-'-'--'-"-'--'lllil"sfl 



,c 
ui 
:i 
► 

z 
► 
Q 
< ... 

" "' z ... 
;'" 

, . 
}· ... 

a: 
0 

" " ii: ... 
" ... ... 
Ill 
... 
< a: ... 
z ... 
\!I 

.:._]'_··.: __ i. , I • i , I ' 
_j ! :_ ,_ ·:_l'I:;J :·1-·: ·;J ~_-i:t El=E!Ji_ 

• H : : J] 1 ...•..• . ~ ........ - ,.•.::·.i.:,•.••,l~.,,i .,
1

.~;l:~ L·,,.= 

,- ~ := = ::----· h1~ ~ ~.....;.-H--,-~-r'--7-~+·•·--;--;--'-if--~~+...;.....,....:......c_.1-.:.....:....l-.:.-h....:...........:....+...;--~ -+.....:....-..... .j...-'--_,......;,-+-:.....:....~ 

i--+ · . 
1-- --···- '·-· 
-}-:--. -

1-

'~r=:. 
Ff __ , - --· ,_ 

1~~1=:_:_ =:p:=t ' 
1:_Lz.-•.~rI,r-r: ,-t_ --;-;----1-~~~--;--l--,--'---'-..,--H-++~f--'-....,.....:....i--i--+-'--_;~.:__,__,...;.....~--4-....... ......'. _:.._~_:.... __ , __ ~_ .. ,~~ 

:i;_:_:'. 1-i-~ -i-

- · '· · - · : ___ _ _ ' _ _ _ . . . . J __ i_l __ . __ 

I 
. i : ' ! ! : I ; 

1r _·. - - : =. -;= • ~ • Fi=== : -3···FFC[J;-=1 
U:H+-: ·l·- :; i)---•--·-····-'·-·~~- ---+---_;_..;_ ' : . ' t i i I I I i ! 

Id)=: • n ·,-, •••• '--:- - •· .--.• • .. ·.•.•.·.· .. • ... -. i --.•• ::., .• : .•. •.·· •,• -·_·~-•· __ .·.;.· ... : •. ~ ~' ;•; _!__1.,!-_ ..... ·.:_·_: ...... 1-· ... .. i-... -.. l-_:··:.: .. ~ :i=f: ::i,: .:;_ ..... -C-L...~t:::o:::iS:±:;:;,!~±;;,~:h~~""""""b.""'""'""',,,;,.:.;,,.,==J.:i,,,,,;~,;:=,b;;;,;,jd;;;J 
ale readings. 



!--=1~~,,~~~~f~i t:¥~;~~~~r~~~~rg~~;i~~--""~-·--Ew::•Ff.'fsJ,2@~E~~~~;g:+2Jisit~~~~%i1J~g~~:i¼:+2;1pr1===~r14 
~==t~!~gigfttt~irf~jtf!!~E~~~ttffi!fJj222~tffffrfitj122cciEttfff11Ms2Ettttr±J-:J2?J 
6-t:Ec::aHt-r=r:t:i=tF'ttc:;::i~Ff'f."f::f-ci~;-=f~.=.,:-:-:,.+:++.:±:-!+i:::f~+::"-'-':~t~~+±~~tt~~~~-~=~~ 

s-1~~~~~~t;:tt1~±:~*~1~~~4t=~t1~~;,::1:~t1:=+t¥~b*s+~43+ 4 -:-:::.:::.,:;.:+-+~:;:;:t~h:,.,;::..::,=;;,.-h:;;::i::::~::j,...::.:;:-,~::;h=-,.;:: --1~~~+,.:..::.,+:..;_:;,i 

9 -n±r.,.t-M:-•~~t?t±a-±.'::rr~*¼~F--b~+F.,c+:-:c±4-',;~.;..:...;.+~~'-+-.µ+⇒_::_~+-+__:_-'-'-'-:..:._~ 
B-++"++'::'-'t~~~¼cc~~F±~=,,.;;..~+:.24::L::C:..:::i....;µ...ic.:~~ 
1----1r~r7't:4t±f =Af'-=~:5':'f °+:-:F~=:t'=r=,:t='f"~,cc;-.':;c,-':-H'-c-...,.,-c1:.,+-:.:..,.;,.....;..:...:..+-'-~:-'::-++=.;.:,-c:.:t~:,.:,.;c..,:-k:c:='-'-
6·-f-r;~8:;:;5¥~cc\;-~#=E4~¥-fdgg++--Jc+l.2..:.J.-~~~-'_:µli-.i±:illi.c~W~~~-~_:_i:....::_ 
5 

6 

3 -+-"7~-:=+'~=-'-R~':::r'-=:±±S~~i.F:±0.--:rr+-+-;-,-;.:-__:_+;.:.;..c~~~-'-.:.:..:..i.:..::..c._;c_..:...:j..c:.:..i....::..:.l.;:.~ 

-! r - ~;- • 

~-~-.::----: .- ·: . : r 
2--rr-::-t:=-1-:::t-.::1-:::±=:::±::t-:t-::-:::;:--r

1

-:±-r, -::-_::f -::,:• =-:~ + -Jf-t--±-±_...-f~,-;-....... +...;.---:.,.•;:-:_-;:-J·+-, .-;:...,~_;.:c....;·•_.-t_;::..:.:.:.:.:.=+~-=JS.~+~.;_-_L-;--:.;.:.:.H::..c--i...::-1-_;__;_....:.:..:...:.;..._..:.....:_.::...j 

. ~-~ ~:~-~!J=1-=--_-~,:~-j,..._:--'--+-+-+--' . __ L 1- i· ·:_-.;._+_...;......;._._.J_ 

--r-r- - •- -1 1-j·- ,_ -· t · - I T 
__j--~~1-; -f- - ! I ~ - -~ 

l--t,---~~::c:!:··-t:-dci""71-+'""!'.1"'71=,-±+½:;1~-➔· :c· +-:-:cj-i-c+±±+++--+,:-h~:-:-~--c:l---,j-=+-!-~-.t,-.-~--..,,...+-+-.'.-.,-+-hh,.--,-I--I--J......:,,...,......:...+J....J...._J_..;._-1-:...::::::,._:_j 
::::+::-_'--\-c--'-'-;-"i-':-:-_tt·-"'·4·'.,t·t::!.r2=:t·r':-:':l·~T°",s{:t:r::c:'?h\t~\="'-#'ti'?:· ·,,,..:f·~J''~-\\\\\\~c,:±"'\\\=-jt-C1r~-+-\,.;.,:L\":-,1r\t~\\"!:-';---!'\t. f..::~~&-~4;._'-'s-\t'-'...:.;._;-\➔.c...:+..:-it+;.::.1\\.,;f-._-1°L..:-"-\-:_-'-4+_\..:::i,+.cc-;.:...;\"-,:,,1:;~"-::.c.1\..:.:..!c__:J_:....iJ.c_-__ ::1\..i,.~Wd 
7--+:,±,..,,..,;"-"--+=Ff=.:i. 

6•--t=--:-::-:-,:i::::r:-:t=t::--;:-::;::-,:::-:f:±;=':r±i±-::cf"-rr'-i=i±E~f~+-:.::+:+=i':F--4~+~~rl'-l---C:...:!:::::..::t.:..:.::_.:::...;.~i--:-i:.::.....:c:.i.:..i.::i.c...:c;..:...:C...--4-;:c.c.~.:.c:I:::l 

S, __ lc' l"·:j:c-,, '-i..,,.'.-~ °"r,c c-:-T'·"i--f~=, ;cc~c;c,t:"fc't=ci~'-c-:\j,:"t..;. ....,'ti ~c:-Jcct:c:ot-*:hrt~rl:~~+:,,i+.,....,;~-t-:7+~:.+-?,:~:::,.:+.:.....:;....:;..:.:..µ~b;::+-:ic:.,.t::.;.:_::;..:J:.-+,..;=--:::...:J~::.:.=_.::_:_.j:..±.:..'-~ 

4---p~=-±=f:T~+~~+~~+i-"-"'~f~..c.....!-f'-'~"'----'-+s~+~-"-'+~C...::.C::+~~4-'..:.,:c~.:..~ 

3 +F-::;:"'~---::--~---:---.:...'-:.-~"'".:J,aL.:-'.:::'~+::..;-~-"- L~·rt~--'.~ ;- ::-~-L-; -j: 
_, __ --;::-; ·. ' --=- '-+--:i-_-1_;.:1_c;.; __ .;.1=,=_;.:c..;.:---1---=c;;.....:..c.'-'----.;..:c'-'-'-'~....l.: 

~-:-t~t - -_;__~-::-; --~ ~~-) ~ j =-~ 

- ' 
2--,.HH~++++-.;.....;..d--d,--!.......;...-i---1-.,._.;.__:._:...,.1 • C _ .. t-........ -T-;;t-;.:----------H,-........ ...-,,±,--,----+-.,._ ..... +--'--'--a:,-!-, 

~1---<-+--+-+--+--+--+--+-.--~ .......... _,t{f 
r' :_T 1· ·· T f-··i; T 1· · t '. 

: , .. 
I 

' ~-+---~--l---'-~-~-

· t 
· T I 

' ' J __ ··r:;-1 



: : / i I : . : 

=~r~= t~r-:-

0 
z 

12.5 Sea.le reading. 25 



-61-
Fi [;. 11. Data of Dobr otin and Nikitin. 

Dob}·otin I s f l ue t w:i.tion 
:;r a ph i n its or i ::'. inal 
s i ze. 

N(I) 

N (I) 
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2 : theoretical C!ll'VC . 
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