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ABSTRACT

On an exploratory basis, a cloud chamber has been con-
trolled in its operation by a proportional counter mounted
within it. As a selection device for events of high ioniza-
tion this has been satisfactory, and information is given on
the types of events actually observed.

The ionization produced in the counter by single par-
ticles is shown to be subject to wide fluctuations. These
are discussed with reference to existing theories on energy
losses, but it is shown that calculations based on these
theories are not wholly applicable to this case, as the foil
represented by the gas is too thin. To these fluctuations
is attributed the large proportion of single particles seen

in resultant pictures.
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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 many. Those that do exist deserve loving care in
their development and painstaking care to use them to their
fullest. Such an instrument is the Wilson cloud chamber and
experiments directed towards improving its operation and versa-
tility have been carried on for a long time.

The cloud chamber grew out of early experiments of C.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 tracks of a-particles and fast electrons, and by
1937 Skobelzyn (3) observed tracks which later were shown to
be due to cosmic ray particles. 8ince this time the cloud
chamber has been used by many workers in the field of cosmic
ray physics.

Simultaneously another tool useful in this field had been
developed, the Geiger Miiller counter. It also responds %o
gingle events in nature, but on the more crude yes-or-no basis.
Its particular field of usefulness has been in questions in
which very much statistical information is needed.

A particularly great advance in method was made in 1933

by Blackett and Occhialini (3) in combining these two tools by
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arranging counter-controlled expansion of & 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 after that it was possible to have virtually
every picture meaningful. de&y very few cloud chamber ex-
périments are carried out W;thout some measure of control over

their operation by one or more Ceiger counters.

1.2 Present purposes

The particular apparatus used in the work here described
has experienced much of this development of methodology. I%
was built in 1930 by Dr. Carl D. Anderson (4); and, operated
randomly, it gave pictu:ggyiggch he proved the existence of
the positron. Since then it has been used in other researches
over the course of the yesars.

After the last war, this chamber and its magnet were
mounted in a B-239 airplane and flown at high altitude. One
summer's work in 1947 resulted in publishable data (5).

In the summer of 1948, attempts were made to determine
the mass and the decay products of the meson, but the control
equipment unfortunately did not discriminate adequately against
showers. A few slow mesons were seen and no decays. In addi-
tion, the amount of time we were able to stay at altitude was
extremely small. The apparataa was therefore removed from the
airplane and returned to Pasadena.

We then decided to place a proportional counter within
the cloud chamber. The fact that this instrument responds

proportionally to the ionization produced within it might give
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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 techniques 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
this control the equipment has been operated for more than &
year. It has not operated quite as hadlbeen expected. Read-
ings on the ionization of individual particles were not useful,
as they were subjeot 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; HMr. R.C. Jopson is pre-
senting an analysis of some of these in his thesis. The ques-
tion of the nature and magnitude of the flucthations and how

they affect operation is the subject of this thesis.
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II. APPARATUS

&.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 chamber and magnet are his original;
various auxiliary elements have been added during sueeeedihg
years, and the electronic control elements iﬁ 1948. It has
been described repeatedly (4,8), so that the description here
will be sketchy except for the very recent additions.

‘8.2 Basic components

A chamber 7% in dismeter and 3" deep is mounted vertically
in the field of a large water-cooled éleetromagnet. Illumina-
tigﬂ.is provided by the discharge of condensers through GE
FT-127 flash tubes, the light passing between the pole faces of
the magnet. Photography is through a rectangular hole cut ax-
ially in one pole, with mirrors along the sides of the hole. to
provide stereoaGOpie views.

The chamber is filled with a mixture of argon and helium
at a pressure of three atmospheres and saturated with ethanol
vapor. When a solenoidally operated mechanical trip is fired,
the differential pressure between this and a vacuum chamber be-
hind the chamber piston causes the latter to move. This motion
tekes place within 4 to 6 milliseconds depending on the amount
of 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 recompressed and set in position for a new ex-



-5=-
pansion. This period including recovery time is 38 seconds.

2.3 BSafety devices

Especially developed for this series of experiments were a
series of safety devices. When the chamber was operating in a
B-29, it was necessary as well as practical to have an operator
in immediate attendance at all times, for it.was operated for
relatively short, canoahtrated periods, and under variable con-
ditions. When installed at the Institute, however, it was ex-
pected that the external condifiens would be relatively con-
stant over long periods of time, and it was hoped that contin-
uoue operation would be possible. Under such conditions con-
tinuous personal supervisibn was manifestly impracticable. A
necessary item of equipment then was a series of safety devices
of some sort.

The particular troubles anticipatgd that we wished to
guard against were these: the flow of cooling water to the mag-
net might be impeded and the magnet burn up, the magnet voltage
might vary overmuch and negate any curvature measurements, a
hose might break or leak and flood the room, or the chambey
might fail to reset and injure itself by repeated attempts to
do so. As a matter of actual practice the«only‘one of thésé
troubles which has never occurred is that of a large variation
in magnet voltage. In order to guard against tnéss things,
the series of circuits given in Fig. 1, a & b were designed
and constructed.

The normal sequence of operation with everything operating

correctly is as follows:
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1. Push switch S81. This turns on the 24 volt D.C. and the
100 volt 400 coycle generator.

2. Push switch S3. This is a necessary preliminary to 83,
as the holding circuit of Relays Kl and X2 will not
hold unless circuit D 4is closed. This operation is de-
pendent on either the 34 v. D.C. or the 110 v. D.C. or
both being on, and was added because 1t was desired that
the whole equipment could be turned on even when the mag-
net voltage is not on and that safety circﬁita 8till Dbe
operative then.

Be Before proceeding it is necessary that the magnet cooling
water be on.

4. Push switch 83. This activates all safety circuits. It
is now possible to c¢close the appropriate soleneidvsu that
voltage might be applied to the magnet; before it was not
8¢ possible. |
If while in operation one of the enumerated'treublés should

occur, the safety devices will turn the equipment off in the

fellowing manner: |

1. If the water flow ceases, it will no longer fall into a
leaky catch bucket, hence will no longer depress a micro-
switch on which the bucket is supported and will open the
circuit at A; open relays Kl and X3, open the magnet
field relay aircuit; hence interrupt the magnet current
and the magnet will not burn up. The 110 v. D.0. having
also been on, condenser Cl will discharge through relay

K3, 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 tap by a solenoidally operated valve.

If the magnet gets too hot, by reason of partial stoppage
of water or anything else, then one of two things will hap-
pen: either a thermally operated switch in the exit water
line will open and cut all power off, or if this fails, a
Vioed's metal link in thermal contact with the magnet colls
will melt and open the circuits.

If the 110 v. B.C. voltage to the magnet gets too great,
relay KB will open circuit D.

If the 110 v. D.C. voltage gets too small or goes off en-
tireiy, relay K4 will open circuit D.

If water gets on the floor, it will act on switches set in
the most likely low spots about the equipment. These
switches are essentially a spring-loaded switch, held
closed by a small piece of Alka-Seltzer tablet. These are
very water-sensitive.

If the chamber fails repeatedly to reset due to loss of
air pressure or any other such mishap, the circuits of
Fig. 3 take over. The essential element is a motor MNi.
Every time ﬁhe~ehambervfires it starts to run forward.

If the chamber resets satisfactorily it reverses, and re-
turns to standby position; if not, it continues, giving
the chamber time to make 4 to 8 attempts at resetting,
then turns off the timers.

These circuits have worked satisfactorily whenever they

have been needead.



3.4 Counters

The counter control over this series of experiments has
been a combination of several Geiger counters and one propor-
tional counter. The Geiger counters used are those familiarly
called "Neher counters® in this laboratory and described pre-
vicusly (7).

The proportional counter was built for this experiment by
myself. To improve our selection, we wanted to put the count-
er in the very middle of the chamber. This required that the
counter be small as the chamber is small, and that it have a
rectangular cross-section so that the absorbing thickness would
be definite. It should present a low absorbing thickness so
that identification of particle type and measurement of momen-—
tum should ba‘definita,'and be of low atomic¢ number so that we
should not have to worry about radiatiocn energy losses but on-
ly about ionization energy loss.

All this suggested that the counter be built of aluminum.
This was done; the details are best seen by reference to Fig.3.
This final model has an internal active space 7/16% (1.1 cm.)
thick, 1~1/18" (2.7 om.) wide, and 3" (7.6 cm.) long. Ite walls
are each 0.0685" thick giving an absorption thickness of 0.89
gm/emz. This thickness was about as thin as it could be made
and etill be strong enough so the flat walls would not distort
appreciably when filled to a high internal pressure. The prob-
lem of soldering to the aluminum was solved by first plating
it with copper using & cold Rochelle strike ase recommended by

the Aluminum Company of America. 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 glase
and t0o lead out a shielded electrical connection. This is the
reason for the curved washers and the flexible coupling: sew
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 %0 an inside pressure of three at-

mospheres of 90% argon, 10% CO,.

2.5 Electronic circuits

Electronic circuits were designed and built by Dr. E,.W.
Cowan. These circuits aré reproduced schematically in Fig. 4
a to f. Figures 4 a and b are conventional power supplies.
Fig. 4c shows the preamplifier. The design of this is the
most delicate of all,for on its stability and relisbility 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 main amplifier, Fig. 44,
which consists of two chains of three tubes, each with degen-
erative feedback. Fig. 4e shows the gate and coincidence cir-
cuits. These require that one or both Geiger tubes fire at
the same time as the proportional counter, in this way defin-
ing a solid angle within which the particle must lie. The
composite signal is then fed through a cathode follower to
three circuits (Fig. 4f) one of which decides if the signal



=10-

is high enough to fire the chamber and the other two of which
measure the height of the pulses. EKach of these is in essence
a long time constant peak reading vacuum tube voltmeter, but
one has a two-tube preliminary amplifier with a gain of 5, so
that the two circuits and their associated indicator meters
act as fine and coarse scale meters with a 5:1 scale ratio be-

tween the two.

2.6 Recording camera

To record the information 6n height of pulses given by’fhe
proportional counter, & Bell and Howell Eyemo 35 mm. movie cam-
era with an £/3.8, 2" focal length lens was used, which camera
was loaned from the facilities of the N.O.T.8. at Inyokern.
Its operating solenoid was pulsed so that single frames were

taken of each item of information.
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IXI., OPHRATING CHARAQCTERIOTICS

4+1 Calibration

For pedagogical purposes ionizstion chambers, proporitional
counters, and Gelger tubes are often considered as like instru-
ments used under different circumstances (9), One then dis-
cusses the behavior as one raises the externally epplied vol=~
tage, and shows how it passes through these various types of
operation and then ends in continuous breakdown, This is a
useful description in that it stresses the similsrities of
operation as agalinat the factors whilch cause the various modes
of operation to be different, but it avoids the great differ-
ences in choice of filling, in eXternal circults used, etc,
The proportional counter dilfers from the ilonization chamber,
for instance, in theat the size of the voltage pulse has been
emplified by internel ionizing collisiona, For true propor=
tionality this smplification is independent of the original
nunber of ions formed. In this respect the Zelger counter
differs from the proportlionsl counter. For the former ampli-
fies in such a menner that the output pulse size (not the am~
plification) is independent of the original number of ions
formed. This is usually attributed to the emergence of fac~
tors other than eollision that produce or inhibit the produc-
tion of new ilons.

The usual difficulty in using proporiional counters to dee
tect cosmie ray particles is that these ionize very little com-
pared to alphe particles or the like, for which they are often

used, This has been avoided as much as possible by using =
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high-gain amplifier, but even more by using a large gas presg-
sure. This results of course in more ions being originally
formed, é@ that the initial pulse, even not muliiplied, is
larger. To test the proportional regions of opera‘bioh of the
céunter and its associated circuits the following method was‘
used. It does not involve artificisl sources; these were not
used as they do not involve gingle high energy particles. The
:beunter was set up on a bench in coincidence with two Geiger
tubes and the sizes of the pulses obtained #ere recorded. This
was done for both the wide and for the narrow dimensions of the
yééunter and the results compared (a typical result in Fig. 5).
fhe.résults were that the peaks lay in a ratio of about 3; i.e.,
in about the.rétio of the two dimensiohs of the counter. As
these peaks represent the most prébéble ionization loss, and
as thié should be prepofeienal to ihe distance traverséd, this
was taken to indicate that wé were indeed within the propor-
tional region of the operation. The final choice of operating
voltage was on the basis of avoiding noise as well as the a-
béve; we tried to strike a balance betweeh gaé and electronic
amplifieation.

At the beginning it was thought dsa;réble"ta know what
the'meter readings indicsted. Thus did a}valﬁe of 8 meaﬁ an
ionization of 8 x minimum, or what? This was ériginally done
bj such graphs as Fig. 6. This particular one was made with
a different metering circuit th&n is shown in Fig. 5, but the
essential features_aié the same. This particﬁlar cne would |

indieate that a meter reading of 2 corresponds to the most
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probable ionization for a fast cosmic ray particle. Such tests

were repeated later to check on the constancy of performance.

3.2 Results of operation

Our control circuits provide that the chamber will expand
only when particles appear from the vertical, ionizing as they
go more than a certain predeiermined minimum. We might specu-
late on what might mainly be expected to be found in the re-
sultant pictures. If the bias were low, one would expect the
same distribution of events as a Ceiger tube in the same place
as the proportional counter would give, except that if the bi-
as were too low blank pictures would appear due to noise in
the circuits. These pictures would be of single particies
plus showers, etc., in their usual relative abundance. If on
the other hand the bias were higher, the counting rate should
go down, and the remaining pictures should be of those events
characterized by high specific ionization. These might be low
energy protons or mesons, showers, pairs, or stars. The rela-
tive number of single particles would be expected to go down
sharply. | | o

As 2 matter of practice the distribution of the variocus
types of events does change, but not guite &slaxpected. in
Tables I, II, and III are given some data on this. The ﬁar~
ticular 14 rells of pictures chosep for this comparison com-
prise a total of 8365 pictures taken durihg the period of July
11, to September 18, 1949. This interval was one relatively
free of electrical and mechanical troubles, and one in which

no changes were made in operating conditions that might af-
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TABLE I
DISTRIBUTION OF TYPES OF EVENTS OBSERVED
Rolls 18-33

Gain 8ingles Doubles Triples Showers Blanks Uncertain Other

small large Tyre s
1/4 58 1 21 7
1/8 65 1 | 12 3
1/16 406 2 2 1 13 26 3
1/32 234 6 | 5 4 23 3
1/64 3799 197 20 365 99 418 434 153
TABLE II

PERCENTAGE DISTRIBUTION OF TYPES OBSERVED

Gain Bingles Doubleé Triples & Showers Blanks Uncertain Other

1/4 66.7 1.1 24.1  12.1 0
1/8 80.4 1.3 0 14.8 3.7 0
1/16 89.6 B 7 3.8 B.7 .7
1/32 86.0 2.3 1.1 1.5 8.4 .8

1/64 68.3 3.6 8.8 7.8 7.9 2.8
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TABLE III
DISTRIBUTION OF "OTHER" TYPES OF EVENTS AT 1/64 GAIN.

Hesons: 42 positive of which 16 show decay electrons.
62 negative of which & show decay electrons.
Protons! 67 by themselves.
6 in showers.

Stars: 6.
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fect 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 toc what sppears to have
fired the central proportional counter. Those labelled “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 classification was doubtful or difficult;
these steyed at about the same level. MNultiple evenis 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 & ten particle shower.

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

It is of interest that there remains a large fraction of
the pictures in which apparently one particle alone fired the
chamber. The majority of these are cases in which the one
particle visible is a high momentum particle; that is, it is
very straight (pec > 300 lMev) and it appears to be a minimum ion-
izing particle. Visual estimation cannot determine any appre-
ciable change in the appea:gggg?gracks from minimum ionigation
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
such are small. One might hypothesize that there are accom-
panying particles, of a shower perhaps, which are not seen.
Such is improbable, however, for the entire area of the count-
er is within the illuminated area. One might hypothesize ac~
companying neutral particles. Photons, however, almost always
accompany showers, and in any case would not produce an effect
except by coreating pairs or by Compton scatterings, both of
which have been excluded in this classification. Neutrons
could produce an effect if it were imagined that the results
of their interaction were cast out in the long direction of
the counter or straight backwards or frontwards. These men-
tioned poesibilities are however secondary effects; the primary
effect is that of fluctuations in the ionigzation of the indi-
vidual particles. Of this more later.

The last column in Tables I and II, headed "other" types
of events, includes events of the kind originally sought.
These are subdivided in Table III. OQut of 5483 pictures at
1/64 gain, covering an operating period of 1200 hours, there
were 74 which contain mesons definitely identifiable by in-
creased ionization, there were 73 showing protons near the end
of their range, and there were six showing stars or possible
stars. Of these 74 mesons, 19 were observed to decay in such
e manner that their decay electrons were visible and identifi-
able, and it is 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.
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for the labor and time., It is to be noted that this equipment
heg been used now for slmost twenty yearaz., In nineteen previe
ous years, only two meson degays were observed (5, 10), and
these two at an altlitude, whereas now with a proportional
counter controlling its expasnsion there have been some 19 in a
space of only 7 weeks! operation., In the whole year, which hss
not been at all as continuous in operation ss these particular

7 weeks were; there have been observed about 70,

5,5 Advantages and disadvantages

The edvantage of proportional control of c¢loud chambers
is pragmatics it works; 1t does select low energy events,
Speculation has run at times to what might have been seen if
the chamber had had a larger actlve volume, but these are
dreams and have no place here,

The dissdventages of this caatrél system are in its dif-
ficuley of operstion and are primerily due to the very small
voltage pulses from the proportional counter. Because of this
the amplifier circult must be of very high gain. Its input
impedence is high (in this cuse 800 megohms) so that it picks
up noise esasily., Its stabllity must be gusrded, especilally st
the input., Then the tube 1ltself &nd its mounting give some
troubles . Actuslly the tube was essler to make work the first
time than a Gelger counter using the same envelope, for its
£illing is less criticsl; indeed in the criterion of lifetime
it is superior for there is nc ori:snie vapor to be used up. But
troubles came from the absolute eleanliness necessary: the

slightest bit of dust or water or grease 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 source of trouble at the beginning and has been re-
peatedly since. To avq&Q}ﬁg: glass seals at the ends of the
counter were covered with Ceresin 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.



IV. FLUCTUATIONS

4.1 Background on theory |

The problem of determining the distribution in energy loss
of fast electrons was apparently first undertaken by Bohr in
1913 (11). On the basis of classical theory and the Rutherford-
Bohr model of the étom he derived an expression for the créss~
section o(E) for energy loss of eleefrons and a-particles.
This turned out to be proportional to Véz except for very
small or very large values of E. He also got formulae for the
mean energy loss including relativistic corrections and for
the mean.square fluctuation in energy loss in terms of this
cross-section and the thickness of the material. From these
he worked out correct formulae for mean range and for straggl-
ing in range of electrons and a-particles. For g~particles
he showed that the energy loss distribution (except for very
thin thicknesses, the present case) was essentially a Gaussian
distribution. This result depended on the fact that the ener-
gy loss per collision of an a-particle with an electron was
small. For electrons, which can transfer a major fraction of
their energy, this is not so, so he modified his analysis by
treating separately cases in which the energy transfer is small
and in which it is large. For the small energy transfers he
got again a distribution that was approximately Gaussian; the
effect of large energy transfers was to increase the high ener-
gy tail of the distribution curve, to make it skew.

Bohr's treatment of straggling was taken up and extended

by Williams in 1929 (13) and the following two years. Williams
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reconsidered in greater detail the question of high energy
transfers, and showed that the contribution due to these could
be expressed in a series, th@ nth term of which was the con-
tribution of a particle suffering n such collisions. He
then combined the t#e groups of energy losses by probability
theory, treating them as independent random variables and ob-
tained an explicit ,forﬁ for the probability P(E,tl' of an
energy loss of E in & thickness of material 1t . Héﬁfouné
P(g,t) to be easily expressible in terms of a new universal

function ¢ , such that

P(g, t) = g ¢(E_€§°-)

where § = At and Ep=€(|n§— +j)

(This notation is not his, but is due to Landeu and to Symon.)
The quantity j is a new universal constant, he found %o be
0.30, and A and ¢ are functions of the material traversed.
Ep amounts to the most probable valué'af energy loss and §
to a standard measure of fluctuations. Williams compared this
result with experimental data on electron straggling. The
theory gave the correct shape of the observed data but gave
too small & magnitude of straggling (i.e., of the factor A)
by a factor 2:3. This he attributed at the time to a failure
of the classical theory to describe correctly low energy loss
collisions. 4

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

al and theoretical results for the stopping of ¢~ and B -par-
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ticles. 1In the first of these he also compared the classical
cross-gection of Bohr with some new quantum mechanical calou~
lations which had been made by Gaunt (14). The two agreed ex-
cept for energies comparable to the atomic energy levels.

The average energy loss was about the same in both theories,
but whereas the Bohr theory had treated losses as continuous
and finite for low energies, the gquantum mechanical treatment
found these losses to be concentrated in several resonance
peaks and zero elsewhere. This probably accounts for some of
the discrepancy batween Williams® theory and experimental re-
sults mentioned above. Later, by a2 synthesis of Bohr's classi-
cal formula with a non*xélativiatic 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
gller (18) by a more rigardus treatment. This formula was al-
80 in satisf&ctcry agreemaﬁt with experimental data.

. More recently Landau (17) has given a rigorous ireatment
of the problenm of getting the energy loss distribution for
high energy particles in fairly thin foils. He assumed the
crossection for energy 1o8s o (g) %o be proportional %0'3@2
for £ large compared ﬁith ionization potentials of the materi-
al traversed. For sﬁaller values he tock the energy loss as
' given by the relativiatie Bethe formuls and said that fluotuse
tions due to théée can.ba neglected. This assumption is fine

except for particle velocities comparable to those of atomic

electrons and except when'the expected fluctuations (£ ) are
of the order of the ionization potentials. Then if the de-




- ;

pendence of the cross-seotion o(E) on the energy of the ionig-
ing particle can be neglected (this is all right for fairly
thin foils), P(g,t) can be obtained rigorously using Laplace
transformation methods. "This Landau did and evaluated the dif-
ferential and integral distributions of energy losses for this
case.

Even later Symon teak up the problem (18). Landau's as-
sumption that the cross-section energy transfers varies as 5%2
is only valid for energy losses snd small compared to the maxi-
‘mum transferable energy E . 4s a result Landasu's results were
nct applicable to large thicknesses of absorbers. ©Symon used
more exact exPressions for o(E) walid for large E and consi-
dered the variation of o with the energy of the particle. He
was able to present a series of curves which allow the deter-
mination of distribution of energy logs by ionization of mesons
traversing thickness of matter up to 85% of their range. For
greater thicknesses curves were given of the distribution in
range of particles.

These statements have implied the type of problem in which
these men were all interested. They were concerned with strag-
gling in range, with the degree of inhomogeneity introduced by
a'thin foil into aﬁ originally homogeneous beam of particles,
or in the probability distributign of the in;tialvenergy of a
particle if its énergy‘ié kﬁoﬁh after h&ving passed & known
thickness of materiél. The preblam Qf our 1ntere$t does not
agree except 1ncidehta11y with any of these. Our present prob-
lem is the fluctuatiaﬁé in the energy left in the gas of a



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 small,
near or past the lower limits of thicknesses for which these
theories are valid or in which these men were interested.

Then there is the unknown effect of having two much thicker
absorbers, the counter walls, on either side of the gas and the
possibility that $= some energy loss processes (such as the
production of §-rays) will not be totally enclosed in the

space of the counter.

4.2 Application 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. I propose to find what distribution in meter readings -
would be expected on the basis of this theory. It will turn
out that this is an unjustified extrapolation beyond the lim-
ites of validity of the theory, justifiable only because no
theory does describe this region satisfactorily.

The theory gives us a function P.(g,t) which is the dif-
ferential probability that a particle with a given initial en-
ergy will lose an energy E in passing aﬁ absorbing thickness
t. For our purposes, the thickness t is a constant, but the
initial energy is not. Let us then express this function in
terms of the variables g and p ! we get a form P(p,g). Vhat
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we desire is N(g)de ., which is the probability of there being
an energy loss between g 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(g) de = [_fo:(e,p) n(p) dp] de

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

dividing by the normelization factor

o0
Jn(p) dp

0
but for these purposes all that is desired is the shape of N(g)

not its avsolute magnitude.

¥or these calculations it is assumed that all particles
passing through the counter are mesons. This assumption speci-
fically excludes high energy electrons which might have contrib-
uted to FPig. 9. For a preliminary meson spectrum we use Wil-
son's results as extrapolated'by Rossi (19,230). This cannot
be used directly, however, for the equipment was on the first
floor of a three story building, and there is an average thick-
ness of 330 gm/cm3 of concrete sbove. This shifts the whole
spectrum down btowards lower momenta, the peak moving from
800 Mev/c¢ to 300 Mev/c. This resultant, plotted in Pig. 7, is
used for n(p) *. The process of getting N(E) consisted first

*® This process is given in more detzil in Appendix A.
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of transforming l’(p'g) from graphs and tables which give it
for fixed p and variable E to a form in which we have it for
fixed E and variable P , then numerically integrating®*. 4s a
matter of practice it was easiest to change the variable of

integration to the logarithm and integrate the following:

N(e) = fp P(p,e)n(p) dinp

The result is given in Fig. 8, and as a matter of interest the
energy loss distribution for 2400 lMev/¢ is also shown on the
same graph to show how this process 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 taken 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 "single! class are
here included. Omitted then are all obvious nmultiple 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 30 rolls
of £film (10,000 frames, roughly) were visually inspected and

® Details in Appendix B.
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TABLE 4a

READINGS ON COARSE SCALE METER

gain 5-10 10-15 15~30 30-35 35-30 30-35 35-40 40-45 45-50 ©0

Gl/64 3083 781 400

Gl1/33 499 139 61

300 98 49 &3
81 1B 14 8
18 10 7 6
87 67 39 24

TABLE 4b

READINGS ON FINE SCALE METER

G1/16 295 46 534

Gi/8 508 B09 228
gain 5-6
Gl/64 897
Gl/32 47
Gl/18 87

G1/8 3

6-7 7-8 8-9
716 554 411
39 31 34
63 67 47
8 1 1l

16

9-10

304

Sl

11
8
7

il

185
a?
54
83
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clessified. Then for singles in each different gain setting
the readings were enumerated sccording to the groups indicated
by the coluwmn headings in these tables, As we have already
seen there were two meters, each giving readings on the sanme
particle, One would exXpeet then that the 5~10 grouping of the
coarse scale meber would asgree with the sum of the numbers
observed in the corresponding fine scale groups, but this is
not so, for some of the fine scale deta had to be thrown as
its amplifieé went bad. |

Prom these data 1t is desired to obtain a curve indicating
the relative frequency of different meter readings. It turned
out to be impractical to normalize these on a time basis, so
instead the curves were fitted together, which was quite prac-
tical due to large overlaps. The greatest weight of course
was given to those particulsar data based on the greatest num~
ber of points, Of the fine scsle date, only those at 1/64 gain
were used, as the others were based on too small numbers,

This leaves one question, how to draw a smooth curve at
the lower end. This is known to turn over from the prelimi-
nary calibration (see fig. 6) and from the consideration that
there is only an extremely small probabliity of = particle
passing through and not losing any energy. The data on the
5-10 and the 1l0-20 figures at 1/8 gein, namely 508 and 509
frames respectively, are ambiguous on this score, According to
these figures the curve could still be rising though not so
sharply as it is to the right. The {ine scale data that might

settle this point definitely were, unfortunately, lost when
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that particular amplifier chose to go badj the little that
ig left has no pesrticular significance. Bubt it 1s Mnown that
the eurve must turn over; the preliminsry celibration
indicated that this was somewhere in the runge 8 to 12, and
the curve from the caleulstions of section 4,2 fita best in
this reglon, so lebt us tuke the Figure 10 as the maxXimum
point of the curve,

The results of this curve fitting ere all sumnmarized
in figure 9, The interesting thing is the very high tail to
the curve. It i3 tied in with the large nuuber of pictures
teken with Jjust one perticle showing, snd 1s In fact a

restatement of the same problem reduced to numbers.

4.4 Diseussion of diflferences between eXperiment and
prediction.

In the two preceding sections there have been obtained
an experimental and & theoretically predicted curve for
energy loases, They sare shown togetier in figure 10.

low these two curves are reuslly not derived for the
game circumstances. The experimental curve 1is one which
indicates variations in the amount of ioniszsation actually
found in the gss of the counter, The predicted curve is one
which indicates how much energy the primary particle would
be expected to lose there, which is not the same thing at

all. Consider the mechanism of large energy lossesw, &

# By & large energy ioss or transfer is meant one in
wiich the secon'ary electron receives enough energy to pro-
duce subsegquent ions. A low energy loss is the case in which
no subsegquent ions are formed.
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primary particle loses energy by transferring it to an elec~
tron of the gas and this electron dissipates 1ts e:ergy by
ionizatlion along its path. What the theory talks sbout is
the energy loat by the primary particle by high and by low
energy transfers. What the counter concerns itself about is
the final ionizetion actuelly to be found in the gas, The
second might be different from the first either 1If some
secondary particle formed within the gas should pass out of
the gas without having dissipated all its energy or if some
" secondery perticlies formed in the counter wall should pass
into the gas. The first such effect would decresse a
reading; the second would increase it.

The region of comparison includes the region from zero
to forty times the most probable ionization, From the theo=-
retical curve this most probable loss is about 6000 electron
volta. In round numbers then the concern is in energy losses
up to apbout & quarter of s million electron volts (.25 lev).
et us consider whaet would Lappen to a particle of this
energy due to the presence of & magnetic field and due to
its limited range. The magnetic field was 63550 gauss; this
would csuse sueh an electron to move in & circle of radius
0.5 ems The mean range for such a perticle is 0.65 gm/cm2
which would correspond to 15 em range in the counter gas or
to 0.023 ¢m range in the aluminum walls, These figures
indicate thaet electrons of this energy formed in the last

0.0285 cm of the wall mlght pass into the gas, iow the
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probabllity of such an electron being formed is mass depen-
dent, and the layer of wall that is feeding electrons into
the zas is roughly 12 times as thick in gm/om? as the gas,
suggesting that more electrons might be entering the gas
than are formed 1in it. The situation is confused somewhat,
however, by the fact that electrons entering the gas from
the waell will be curved sround by the magnetie fleld and
may reenter the wall. As to electrons formed in the gas,
those formed in a central region have no possibillity of
escaping; they are constrained to moved in circles entirely
within the gas of the counter., The conclusion is that the
edge effects will increase the tail of the expected curve
by an unknown émount«

It is seen that the experimental and the theoretical
curves differ considerably. %hy? It has already been hinted
that the theory wss not applicable, Symon's criterion. for
the lower limit of spplicability of his theory was that

§ > 51

where

€= “my %Pt

and ] is the aversge ionization potential as used in the
usual formule for meen energy loss, Wow [ for argon is
about 190 electron volts and § turns out to be in the
order of 3590 electron volts. We see then that this case
is somewhat beyond the limrit of applicability of that
theory. Physically this criterion is tied in with the
requirement that the material should be thick enough so

that the variations will be much larger than the
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ionization potentials. Symon has shown that as the thickness
gets less ==t 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 enocugh
fluctuations. Such seems to be the case.

Three things might be questioned about the conditions as-
sumed when that calculation was made; (1) whether the spectrunm
is as sssumed, (2) if it is true that only mesons are import-
ent, and (3) whether or not equipmental errors might enter in.

That the meson spectrum might be different than that used
is guite possible. If one considers Wilson's data and the
curve which Rossi has drawn through it (19,30), one realizes
other curves could have been drawn 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‘auch a change would widen the expect-
ed fiuctustion curve.®

That electrons are actually present is seen from inspec-
tion of the plctures concerned. Some are definitely identifi-
able for they show a measuieable momentum that does not change
appreciably in passing through the .89 gm/emg of the counter.
The number and relative distribution Qf these will be uncertain,
nowever. Those presént will probably have been produced local-
ly, there being 320 gm/cm3 6f concrete above. The effect of
these on the pulse.height digtribution observed might well be

in either direction.
= This follows from the details of the calculations. See
the last paragraph of Appendix B.
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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 night
be random effects. 8Since these resdings were spread out over a
time span of six months such influences are quite probsble.
This sort of effect would spread out the curve as measured.

0f 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. 1In all 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 little
knots of ionization or & -rays scattered at finite intervals
along the track. Distant collisions happen. frequently; they
result in an energy loss spread out fairly continuously along
the track. It is further shown that roughly equal amounts of
energy are lost by each process. Thus for path 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.
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The present case is a short path length in the above
sense., Let us then examine the ratio of mean to probable
energy loss, 4 caleulation made on the predicted curve shows
this ratio to be l.4, and one made on the observed curve gives

it as 2,8, Presun_ably the ideal is somewhere in betwsen.

4.5 Other experiments.,

In the literature is very little experimental work which
parallels this work,., luch exists on range straggling and on
the irhomogenelty introduced into homogenous beams by foils
of metal, but these do not apply. However in the published
results of two Russisns 1s work that is quite close. N. Dobro=
tin (22) has described experiments with proportional counters
detecting cosmic rays in which a curve of fluctuations is
obtained., His differentistion of particles is as to whether
they sre of the hard component (8 em of iead) or not., To this
he fitted a curve caleculated from Landau's theory, finding it
too narrow and its teil too low, One cannot tell how much it
was 80, for there is neither graph nor deta given of the
comparison, He does give a small figure of the fluctuations
themselves, which is given in its original size in fig., 11.

S. I. Nikitin (23), in an attempt to verify the varitron
hypothesis, publishes some fluctuation data, He t0o0 comperes
his data to La;daul's theory, and prints several figures show-
ing the comparison. One such, for particles in the hard com-

ponent (5.4 em of lead}), i3 given in fig. 12, in fts original
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size. It is difficult to tell how great are his variations,
for these figures are small and the comparison is carried out
only to twice the maximum. What is seen 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 Nikitin's was spread out over 15 em of path length.
The two had other interestes in doing this than cloud chamber

control.

4.6 Conclusions |

Fluctuations in ionization are great, greater thaﬁ would
be expected from the extrapolation of existing apprcximatet
(theoretieal calculations. As a result the measurement of the
'1oniza%ion produced by a part&éle along a aﬁall part of its
paﬁh.length is not a good indication of 1ts‘mean ionization
or of its most piobable ionization. Data so obtained cannot
be used without severe systematic error in determining the
masses or velocities of single particles. Nevertheless if the
sensitivity of the counter is adjusted té select particles of
say four‘times minimum and above, the counter will select low
energy events satisfactorily. Because the trailing.edgé of
the fluctuations cuxvé is leng; one will still get some pic-
tures of miniéum ionigzation (in seetién 3.3's case about 2%
of all these, or about 70% of the resultant pictures). At the
same time since the leading edge is sha:p practically none of

the rare events with high ionization will be lost.
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APPENDIX 4.
Estimation of the differential momentum

spectrum for mesons at the equipment.

Several momentum spectra for mesons are given in the liter
ature (see Rossi, ref. 30, p. 5428 et seq.), but these are given
either at 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 ls 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 are not in ev-
ery particular correct. From this information two scale draw-
ings wére made of cross-sections through the building passing
through the chamber. These drawings made it possible to deter-
mine how much concrete lay ﬁetween the chamber and the sky in
any given direction.

Enowledge of the geometry of the counter arrangement per-
mitted a determination of the angles 8, (limiting angle at
which the upper counter entirely subtends the lower) and 8p
{the angle atlwhich neither counter subtends any part of the
other). These angles in the long and the narrow dimensions

were! ' ' .
8 = 20.3° g = 5.0°

= o i &)
92“ S7¢6 92‘3 805
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Then the relative probability of finding a particle in any di-

rection 8 measured in the wide direction of the counters is:

P(g) = fﬁ%%— cos 8

P(g) = ML coqp(atb=htand)

A1

(.

(0)

P (8) 0]

1}

In these expressions "(.9)(1(0) | allows for dseqre&se in inten-
‘sity with increase of zenith angle'e ; this expression was taken
to be 0o0s?@. The cos@ allows for the foreshor‘hening{_gﬁ‘)the
amount of area through which the radiation might pass. "The
additional term allows for the fact that particles passing
through the upper counter in'diréctions 8 > § ocan pass
thraugh oﬁ1y a pertién of thé 10wef counter. Here a and b
are the half lengths of.the»uppeﬁ and the lower counter respec-
tively, and h is the distance between them.

From the éeaié drawings of the buildings it was determined
how much material lay in every direction of interest. This was
tabulated as t(a)Q A numerical integration was then carried

oubt

. _lereie) de
aye fP(8)ds

which results in an approximate result for the amount of con-
crete overhead. This resulted in a figure of 53 inches of re-
inforced concrete, which at a density of 150 pounds per cubic

foot gives a thickness of 330 grams per sqQuare centimeter.



-3

Now concrete consists of things like lime (CaC0Oz), sand
(si0g) and water, with about 4% by weight of iron. Absorption
in matter depends on the ratio EZ/ZA . Figuring on a 8
to 1 mix in the concrete, we get this ratio = 0.48. This fig-
ure is very clese to that for aluminum. The point of this is
that it is possible to figure the concrets as approximately e-
guivalent 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 of new particles in it.
The former change is what is figured here, as it is something
about which there exists definitely formulated theory.

The problem ist To each old momentum ﬁ corresponds &
new momentum p which is a definite function of p and of the

absorbing thickness t .

A distribution n(p)dp’ is known of the probability of find-
ing a particle in the momentum range from p to p'4dp' . To

this is to be related a corresponding new prcbzbility distribu-
tion n(p)dp . If p and dp are the new momentum and momen-

tum interval ocorresponding %o the old ones, p and dp , then

n(p)dp = n(p)dp’
or o } . £Ei
n(p) = n(p) dp

To perform these operations, then, one needs a table or
!
graph giving p' as a function of p , and another giving deép
as a function of p. Thus if n(p) is plotted on doubly loga-

rithmic paper, the operation is very quick. One carried the
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the ordinate corresponding to the abscissa pl over to p , then
goes up or down on the same new abscissa by a distance equal to
the scale factor dp/.dp 4

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

Fluctuation curve predicted.

As indicated on page 23 the prediction of the probability
N(e) de of a loss between g and g + dE  reduces to the in-

tegral
N(E) = jp(me)n(p)dp

Here n(p) 1is the result obtained in Appendix A, and P(p,E)
is contributed from the theory of Landau and Symon.
Symon gave a graph and a table of the function -;—-"‘P(E) ver-

sus —EJ%ﬁn- (all notation his), where

w
Net Z
o * bE €= !
Ep = fUn—é- + ) = most probable energy loss.

12 e"92 I

€ % 2mcAwi-1) Y ey

the average ionization energy of the absorber

0.373 for thin foils

"

1.48 for thin foils

L I - SR SR
1]

u

0.8683 for thin foils

For this case, the thickness of gas pt = 5.59 mg/oma;
Z/A = 0.45; I =190 e.v. We then get

¢ =386 o = D12
B® L
Next is calculated 5%, » Ep» and o, for 212 mass mesong of
w

nineteen different momenta evenly spread on a logarithmic scale
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between 30 and 30,000 Mev/c. 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 inter-
polbion purposes. From 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 (£) ="[pn(p)P(p,e)dlmo

(o 9]

is possible by considering the areas. This was done with a
planimeter, snd the results normalized to & maximum ordinate
of unity (Results in Table V and Figure 8).

We can check now on the contribution to this curve due
to particles that would be expected to have high mean ionigzing
power. In section 3.2 it was suggested that particles of nor-
mel mean ionizing power up to 3 x minimum might be included in
tpe experimental curve. For mesons, this corresponds to a mo-
mentum of 56 Mev/c. 4 consideration of the graphs of pn(p)P(g,p)
shows that the contribution to N(g) due to momenta less than
thie limit is very small, and due to high momenta is large.
To illustrate this point a sample of this function is given in
Figure 13.



E
$000
5250
2500
o750
4000
4250
4500
4750

5000
5250

55800
8750
6000
62850
6600
8780
7000
7500
8000
8600

PREDICTED BEHERGY LOSS DISTRIBUTION

N(e)
000123
000576
00311
L0208
0652
220
415
4600
750
863
961
975

1.000
958
.903
.861
« 705
.589
587
261

-40a=
TABLE ¥

E
9,000
9,500

10,000
11,000
12,000
13,000
14,000
15,000
20,000
25,000
30,000
55,000
40,000
45,000
50,000
60,000
70,000
80,000
90,000

100,000

N(e)
.192
135
113
0776
+0544
0406
L0315
.02582
0103
00603
.00376
00266
00192
+00146
00113
000755
000538
000405
V00315
000250
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Figes la. Safety Circuits
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Pize 1b. 3Bafety Circuits

Reverse NC
e £ To the creline timer
Ny ] reling
/, ~ 1imit switches,
. / " \ -
[::\MO“O?/ switches
—— b P
i '
' e £ To the eyeling timer
Forward y NC ~ pwitches.
|
|
,LNG
24v de <t+—WW |
210 .
K8
A
|
L NO
24v de <F 1 - —~D Pover to the
! tiner circuits,.
! NC
(B o
< - N
S
110v ac
wall plug

-—— _——
lamps to indicate lamp which
whether the nower indicates
is on. ithen timer

is off,
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Fize. 2. The Proportional Counter

Hetal cylinder formed from 1" o.d. 16 rfauge SO zluminum tubing,

squuarad and copper nlatad.

Tun;sven wire 0,001 in. in diameter.
Tlat copper ends,
Kovar ;lass bead,

eyelet containing
Small Xovar tubing.

Glass covering to Kover tubing.

Brass cylindrical ring for mounting.

Silver soldsred joints.

Tin~~leond soldered joints.

,

e, and

with gsolder. (Not shorm on this drawing.)

seal reinforcod
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Pig. 2b, The proportional counter,

Two unfilled tubes are shown in successive steges
of their menufacture,. The one on the right has
had brass sleeves mounted on esch end., The lower
one is protective, shielding that end from pickup
and from dust and moisture, The upper one also
‘serves to mount the tube on the gless of the

chamber and to provide electrical connections,
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Fig, da, Counter mounting, disessembled,

The counter is seen in place in the chamber, One can
see washers whose faces are curved to fit the glass
of the chember, The components of the electrical
counections end shielding sre shown separately. These
gonsist of a flexible coupling, & long sleeve, and

gonnectors to lead the signals into the preamplifier.
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Pige Sb. Counter mounting, assembled,

The counter is shown in the chamber, Connected to

it are the leadeout wire and its shielding,
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Fige 4be
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Fige 4G8. Anaplifier

All tube:s excent 3, 6AC7 2000
500 [ I _ I> G
4_‘ > 2 )
A ' 256 91K > 20K> YK 508>, T4
* > 100 > o > |
< < § <

10
-
m‘
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4 OM

=8
N
11
-
(@]

4i3°° «25H
500 llog 'Tlom — oM
. —0 1 - -

Resistor values in ohms.
Condenser values in nicroe-nicrofarads.
K=x1000 ; u=x 1,000,000
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Fiz. 4e. Coincidence and Gate Circuits

All tubes -y of 6SN7
. 4 300v,,

120K 20 '/

Geisor tube
e
'/;51

50

1

IV A=A~
1] 1M 5
120ix / :{OOO
50
7 —— 50
LW._..| - % 25 82K 200K
Geiger T
+—

tube #2

Resistor values in ohms.
]

Condenser values in micro-microfarads,
K=x1000 ; M=zx 1,000,000
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Fig. 4f. Mefering and trip circujts.

All tubes Y, of 6SN7 or 6H6. |
>B+

| :‘.‘) B 500K
330K
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Fig. 5.‘ Proportionality

Test on the Counter

’//i///ﬂ Narrow dimension,

171 counts total

Wide cimension,
255 counts total
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Fig. 1l. Data of Dobrotin and Nikitin.
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