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CHAPTER I

STATEMENT OF THE PROBLEM

1. Introduction

During recent years a number of elementary, unstable particles

have been discovered all of which reveal the following characteristicsx
(1) all of these particles are unstable, (2) all charges are numerically

equal to that of an electron, as revealed from their specific
ionization, and (3) all of these discovered particles have masses

greater than the mass of an electron.

A reasonable question is whether or not any particle with a mass

less than that of an electron exists and whether, irrespective of its

mass value, it has a charge greater or less than the charge of an

electron. Also there arises the question as to whether or not

isolated magnetic poles exist in nature. Possible existence of

particles with anomalous spin and magnetic moments can also be

reasonably considered.

The interest in this laboratory is primarily in the search for

possible free magnetic poles or particles with ary non-standard charges

and masses. Search for particles with minimum ionization greater than

that of an electron always faces the difficulty of identification of

their tracks. It is complicated by the existence of electrons with

specific ionization greater than the minimum, and also by the

existence of mesons and hyperons with specific ionizations greater than 
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this minimum at the time of observation. Hence our apparatus and methods

are primarily designed for seeking the existence, if any, of particles

with minimum ionization less than that of an electron. Such particles,

we shall call the “Relativistic Sub-ionizers.”
We shall define a sub-ionizer (the case of charged sub-ionizer

and sub-ionizing poles being quite similar) as a particle whose

ionization at speeds above that corresponding to the minimum is

considerably below that of a relativistic electron. It is also reasonable

to suggest that these particles may possibly exist in the flux from

radio-active particles or in cosmic ray events. These particles might

be stable or unstable.

2. Previous Work
In 1931 Dirac^ considered the possible existence of free magnetic

pmonopoles and made some calculations. Tuve suggested that, if such

particles exist, deflection experiments in a magnetic field might be

used to detect them. He suggested that their specific ionization value

might be comparable to that of an electron, and suggested new

experiments to search for them, bearing in mind that past experimental

conditions might have caused them to be overlooked. His assumption was

^Dlrac, P. A. M., Proc. Roy. Soc. A., 133, 60 (1931).
of Magnetic Poles,” Phys, kev., 7h-,‘ 817 (1948).

"The Theory

^Tuve, M. A., ’’Search by Deflection-Experiments for the Dirac
Isolated Magnetic Pole,” Phys. Rev., 43 > p. 770 (1933)*
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that it would be energetically possible for such poles to occur in cosmic

ray events, but he was not sure that high speed Dirac poles would produce

easily detectable ionization.
Colo^ and Bauer4- also calculated the theoretical behaviour of moving

magnetic poles.
Ehrenhaft-’ in his work with an oil-drop chanter on drifts of small

particles subjected to magnetic fields, claimed the discovery of free

magnetic poles. He also claimed the discovery of ionizing particles with

charges and masses less than those of an electron. He called these

charged particles sub-ionizers. His claim of stable particles with

anomalous charges and of isolated poles were met with general dissent by

the physicists. Several investigators repeated the related experiments,
but failed to get any positive result. Benedikt and Leng^ conducted

experiments to observe systematic motions of small particles in a

magnetic field, as described by Ehrenhaft, but failed to notice any.
7Malkus, using emulsions, conducted a brief search for Dirac type

isolated poles. No other record of searches for these particles has

^Cole, H. J. D., ’’The Theoretical Behavior of a Magnetic Monopole in
Wilson Cloud Chamber,” Proc. Cambridge Phil. Soc., Ill, p. 196 (1951).

^Bauer, E., “Energy Loss of Free Magnetic Poles in Passing Through
Matter,” Proc. Cambridge Phil. Soc., U7, p. 77 (1951).

Ehrenhaft, Felix, “The Micro-coulomb Experiment,” Philosophy of
Science, 8, No. 3 (19hl).

^Benedikt and Leng, Phys. Rev., 71, U5U (191i7)»

7Malkus, W. V. R., ’’The Interaction of the Dirac Magnetic Monopole
with Matter,” Phys. Rev., 83, p. 899 (1951).
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been found with the exception of work done in our laboratory. But

scientifically it would be most unwise to disclaim that Ehrenhaft and

others ever observed a sub-electron or a free magnetic pole.
Ruark® recently began an extensive search in our laboratory with

cloud chambers for sub-ionizing particles. His work was financed by the

National Science Foundation. Fitz, Good, Kassner, Shuskus and Tyler

worked with Ruark in our laboratory.
Fitz’s^ work was mainly restricted to finding relations governing

ionization, scattering, production cross-section, optimum operating

conditions and the generalization of the equations related to particles

having anomalous charge and mass.
In their work with the Bearden chamber, Good^ used an artificial

11radio-active source of U-mUlicurie strength while Tyler investigated

the cosmic-ray background, in an attempt to detect the existence of

these sub-ionizers.

hRuark, A. E., "A Cloud Chamber Search for Free Magnetic Poles,” A
Proposal to the National Science Foundation (1953).

^Fitz, H. C., Jr., "Apparatus and Methods for a Search for Particles
Ionizing More Lightly than the Electrons," M. S. Thesis, University of
Alabama, 1955.

l°Good, W. B., "A Search for Particles Ionizing More Lightly than
the Electrons," Ph.D. Thesis, University of Alabama (1956).

l^Tyler, W. C., "A Cloud Chamber Search for Anomalously Charged
Particles in the Cosmic Ray Flux," M. S. Thesis, University of Alabama
(1957).



Kassner made use of a large vertical cloud chamber in his search

for sub-ionizers in cosmic ray background.
Shuskus^ developed an apparatus for scintillation counting of

cosmic rays in a search for particles ionizing more lightly than the

electrons and made a brief feasibility study on the detection of sub­

ionizers which might occur in the ’’nearly vertical” portions of the cosmic

ray flux.

3. Program and Scope of the Present Work

Here in this laboratory we are not interested in repeating

Ehrenhaft’s methods, but in using cloud chambers to search for sub­

ionizers. Cloud chambers would make possible the detection of ionizers

with minimum specific ionization either less than or greater than that

of an electron. Tuve suggested the use of a cloud chamber to search for

heavily ionizing particles of the Dirac type and Ruark suggested its use

to search for free magnetic monopoles. Nuclear emulsion plates are

useful in searching for particles of minimum ionization greater than that

of an electron, but they have the disadvantage with present techniques

that identification of particles can not be aided by use of a magnetic

field.

The cloud chamber is well adapted for dealing with particles which

•^Kassner, J. L., Jr., "A Search for New Particles in Cosmic Rays
with a Large Cloud Chamber," Ph.D. Thesis, University of Alabama (1956).

■^shuskus, A. J., "An Apparatus for Scintillation Counting of
Cosmic R»ys in a Search for Particles Ionizing More Lightly than the
Electron," M. S. Thesis, University of Alabama (1957).
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have a wide range of minimum ionization. Though the techniques for

studying highly ionizing particles have been fully developed, no one

apparently before Ruark had considered techniques for studying possible

sub-ionizing particles.

In the past, the existence of sub-ionizers might have easily been

overlooked due to the presence of heavy background, or of their

infrequent occurence, or both.

Our first problem is to search for the possible existence of sub­

ionizers or free magnetic poles. Only if we can prove ample evidence of

the existence of such entities, can we enploy well-known techniques in

order to classify them according to their charge and mass.

The chamber used in the work described in the present treatise had

a long sensitive time. A great deal of work was done in effort to lower

the background droplets. This part of the work was quite successful. In

some cases there were practically no background droplets. This lower

background is a necessity if possible sub-ionizers are to reveal them­

selves in the chamber. Also the lower background presents many

characteristic properties of the tracks unobserved before under

different chamber conditions.

Whenever a fast particle, during its motion, collides with an atom

or a molecule, ionization of the atom or molecule may occur with the

ejection of an electron with kinetic energy of any value between zero and

a large fraction of the incident-particle energy. We consider two types
of cnl11 sionst (a) those of frequent occurence, giving low kinetic

energy, and taking place at an impact parameter greater than the atomic
dimensinne (Williams-Weiszcker analysis type); (b) rare collisions
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involving parameters smaller than the atomic dimensions (treated as

between free particles).

These two types present us with two kinds of qualitative behaviour.
The electrons of type (a) with low kinetic energy cannot effect further

ionization, whereas the knock-on electrons of type (b) can present us

with secondary ionization. Thus we shall speak of (i) primary

ionization, produced by the direct interaction of the primary fast
particles, and (ii) total ionization, including ionization produced

indirectly by the faster secondary electrons from the primary

interactions.

The primary ionization produces parent ions. The electrons

ejected from the parent ions produce *• secondary” ionization in the form

of pairs of ions, or clumps of ions, and, in some cases, as distinct

side branches known as Delta Rays.

U. Specific Ionization of Sub-Ionizers and Free Poles

By specific ionization we mean the number of ion-pairs produced

on the track of a charged particle per centimeter of path length during
its passage through a medium. Bloch^ showed that the specific

ionization depends directly upon the square of the charge of the moving

particle and, to a large extent, inversely on the square of the velocity

of the particle. Also it depends directly on the number of electrons

per cubic centimeter of the medium. Higher velocity particles produce

^Bloch, Ann. Phys., Lpz., 16, 285 (1933).
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fewer ions per unit length than lower velocity particles with the same

charge passing through the same medium.

The process of secondary ionization continues, so long as the

energy of liberated electrons is greater than the ionization potential of

the outermost electrons. Therefore, some tracks have branch lines,

i.e. Delta rays, starting from points along their lengths.

When the charged particles pass through the cloud chamber just

after expansions, condensation takes place on ions before they have time

to diffuse from their point of formation. The track breadth is given by
1/2x ■ 4*68 (DT)'5' , where D “ Diffusion coefficient of ions, and T ■ Time

elapsed between passage of the particle and the commencement of super­

saturation. x is the width of the track, which contains 90 percent of

the ion images.

If the ionizing particle passes through the chamber a short time

before the expansion, the ions will spread by diffusion and each blob

will have the form of a cluster of ions. For a given delay the spreading

of the blob will depend on delay time, varying in different media. If

the delay time is too small, the primary ions will not be resolved into

their secondaries; if very large, the ions produced will diffuse from

their origin. Thus the delay time is important for an observation.

After the film is developed, the total number of drops per track is

counted. Reprojection of the images back into the object space enables

their lengths to be measured. By dividing the total number of ions by

the length of the track, we get the average specific ionization of the

particle recorded.

By counting the number of background drops in a region equal in
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size and adjacent to the track, one determines the error due to the

background density. The background density can be partially controlled

by using small expansion ratios.

Be the worked out a relationship for the primary specific

ionization of a bombarder of atomic number z and charge ze possessing

energy considerably greater than that yeilding the maximum cross­

section. His result is,

j ■ 2 C m^c2 z2 r
” ior ~

2 me c2 f32 + b - p2
(1-^) Io

(1)

■where C is a constant to be determined by the atomic number and the

atomic weight of the bombarding particle, I is the average ionization

potential of the atom, b is a function of z and p and is negligible if

z/137 is small compared with unity (which is the case here), and r is

a dimensionless constant depending on the atomic structure. Measure­

ment of a particular value of the primary specific ionization in the

absorber under consideration will enable us to determine the enpirical

value of r. The only variables depending on the bombarder are z and p

The primary specific ionization of a sub-ionizing particle of

charge ze in a particular gas, due to the above formula, is given by,

j - Ki z2 In K2 P2 + b - p2

p2 • 1 - /32
(2)

l^Bethe, H., "Quantenmechanik der Ein-und Zwei-Elektronenproblems,w
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For relativistic particles the quantity within bracket varies very slowly

and primary specific ionization determination will be simply a
determination of z/v.

The rate of loss of energy per unit length was calculated by
Bhava^, and is given by,

_ fo - z2 (2V<r Z r2) "e c2 In me Wm + (1 - p2),
dx p2 (1 - p2> ^2

w « (Eo - me2) 2 me m ( / + 1)
m — —,

m + m + 2 m me e

where W& is the maximum energy that can be transferred to an initially

stationery electron in a free collision. E° is the total energy and m

the mass of the bombarding particle, j^Z the mean ionization potential

of a typical molecule in the absorber, is the number of atoms per

square centimeter, r0 the electron radius, and V ■ Eo m c . The

probable specific ionization can be calculated by the above formula.
The above energy loss in ev per cm. when divided by 32 (for air) will

give us the number of ion pairs produced (approx.).

The velocity v and charge ze of the bombarding particle are

primarily the two deciding factors governing the energy loss through

collisions. The loss of energy when the velocity is small is large
and decreases approximately as l/v?« It reaches a minimum value when its

Proc.
l^Bhava,
Roy. Soc.

H. J., w0n the Penetrating Component of Cosmic Radiation,"
, 161i, p. 257 (1938).
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kinetic energy- is comparable to its rest energy. After that it again

increases logarithmically, though the later increment is rather slow

and for relativistic particles the increase is only about UO percent

over a range of many decades of energy. It is important for us to know

that in this domain the two ionization values, under our consideration,

are appreciably independent of the mass of the bombarder and varies
2 2only as the square of the charge ze i.e. as ze.

A slowly moving charge with decreasing velocity will produce
specific ionization varying according to 1/* this ionization value

will pass through a maximum before its velocity reaches the value too
small to produce ionization; but because of the factor (v/c)^

occurring in the ionization of a moving pole, its ionization strength

will remain practically constant until the velocity becomes too small to

produce any appreciable ionization. The length of the region over which
pthe final decrease takes place varies approximately as (m/n).

"While the electric intensity due to a charge ze is of the order of
ze/r^, the pole of strength ne, moving with a velocity v, has an

electric intensity ne(v/c)/r . Here e is expressed in e.s.u. and is
h.802 x 10-l° e.s.u. If we use e.m.u., the strength of the magnetic

pole will be given by ne. Thus the ionization value due to a fast moving
magnetic pole of strength g ■ ne (in e.m.u.) is independent of mass and
proportional to n^e^. Thus it can be seen that for moving magnetic

poles, moving so fast that v/c is practically equal to unity, the

formulas associated with electrons can be sinply accepted for moving

magnetic poles if z is replaced by n. But for very low velocities, the
factor v/c must be retained.
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Let us now consider the general shape of the specific ionization
curve. If we use equation (2) and plot specific ionization versus

p ■ v/c, we shall get a curve as shown in Fig. 1, for the case of a

particle with charge value e in air. A consideration of the minimum value
formula (2) shows that ionization is independent of mass but depends on

z and p , and the minimum ionization depends only on the value of z.

Fig. 2 is obtained when we plot a curve for specific ionization versus

and z. In the relativistic energy scale, the region of substantial

minimum ionization is very broad. The theory is approximate and the

minimum occurs nearly at the value of p • O.95>, which implies that the

kinetic energy of the electron is approximately equal to its real energy.

The particle with z greater than unity and with a velocity of any

value whatsoever can in no case produce an ionization less than the

minimum ionization j of an electron. But a particle with z less thanem
unity and the velocity in the proper range can, with a definite

possibility, produce minimum ionization less than j » With decreasing

z, this probability of occurrence increases. If the mass is equal to that

of an electron, the energy loss per cm decreases quickly and with a

given energy the chanter walls can be penetrated by the particle with less

scattering, and the probability of scattering in the chamber gas becomes

less.

A sub-electron may have a rest mass small enough to give it a

relativistic range of energies, such that it will have a high

probability of producing a track beginning with minimum ionization less

than that of an electron, and have a relatively short range and rather



large scattering cross-section in solid matter. These particles would

have to be produced within the chamber or would have to be introduced

through very thin windows.

In our search for relativistic sub-ionisers or poles, we mainly

look for tracks with droplet numbers less than those found in the tracks

of an electron. With decreasing value of z, the linear scale of
primary events increases as 1/z2. When z is about 0.50, the images of

the undiffused tracks would have certain overlapping; but for z ■ 0.25, or

less, this overlapping of primary ions would be insignificant but the

clumps of droplets due to a single energetic primary would still have

the same dimensions as that of an electron track.

In his proposal to the National Science Foundation, Ruark

suggested a simple hypothesis that there would be complete symmetry

between free poles and corresponding charged particles. His suggestion

was that corresponding to the electron there should be a pole with g ■ e,
with spin 1/2, and with an electric moment in e.s.u. equal to the Bohr

magneton in e.m.u. He showed, assuming ionization to depend mainly on
g/e, that the ionization by the poles considered would range from one

ion-pair in 8 centimeters to about 3*10'’ ion-pairs per centimeter at

N. T. P. The minimum ionization by an electron in air at N. T. P. is
about 50 ion-pairs per centimeter. He also showed that the total
ionization would drop from about 3x10^ ion-pairs per centimeter to zero

during its last ten centimeters of range, and that the ionization varies
pas g . The total energy loss per cm drops as velocity decreases while

that of an electron increases greatly before it finally loses ability to

produce ionization. The energy loss per centimeter, in the case of
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poles, depends linearly on g^.

If we consider the tracks of a fast moving free pole (g, m_),
o

and that of a charge (ze, , it would be rather impossible to distin­

guish between the tracks of the two when g ■ ze, nig ■ n^. They can

only be distinguished by applying a strong external magnetic field. In

the present case of our search we are not using any magnetic field as we

are now not concerned with the identification of the tracks of the sub­

ionizers and the poles; the basic aim of our present search is to

explore the possible existence of sub-ionizers or poles. Though our

attention is mainly directed to straight tracks, we are careful not to

overlook delta rays on the tracks and also the rare but fortunate large-

angle scattering. "Also when we speak of relativistic sub-ionizers, we

mean entities which do not radiate appreciably and which are not

appreciably scattered, the mass being sufficient in all cases to avoid
such effects (Good).” 

5. Production of Pole-Pairs and Sub-Ionizers

In case of poles, the cross-section would be the same as for
electron-pair production, z^r^/137, where r is the electron radius. It

is proportional to z^g^/m|.

The ratio of the cross-section of pole-pairs produced by energetic

photons to that of electron pairs would be

S (poles)
S (electrons)

■ (g/e)1* (D1e/mg)^ S ■ Cross-Section

when both the poles and the electrons have the same speed
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In case of sub-ionizers, if we consider those having charge ze and

mass fm^, the ratio of cross-section of sub-ionizer pair to that of

electron-pair is given by,

S (sub-ionizer) ■ z^/f2

S (electron)

The detailed feature of the pair production of poles and sub-ionizers by

the cosmic ray events or any external radio-active sources can be under­

taken only if convincing evidence of their existence can be found.

6. Some General Considerations Regarding Basic Experimental Approach

Our search is for relativistic sub-electrons or poles, with charges

z or n less than unity so that they would yield tracks with ionization

less than that due to any particle known to us. Experimentally, we shall

adopt procedures similar to those followed by Good. These are:

(i) Adjustment of conditions giving long sensitive time. This

provides a greater degree of probability of observing a given event in a

limited number of expansions and helps us to eliminate poorly formed

tracks to which no importance should be attached.

(ii) Adjustment of chanber expansion ratio and general conditions

to achieve low background density in the chamber. This will exclude the

complicated process of eliminating background drop effect, thereby making

our search for low ionizing particles much easier.

(111.) Use of a collimated source to provide us a means to determine 

the direction of entrance of the ionizing particle to the chamber.
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(iv) Use of a camera that takes multiple photographs per

expansion. Multiple photographs during long sensitive time records each

trade development carefully and identifies background droplets. This

also saves us from confusing a comparatively young and vapop-poor track

of a known particle from that of a sub-ionizer.
(v) A statistical evaluation of the geometrical arrangements of the

droplets.
(vi) A continuous search for tracks that might be due to a sub­

ionizer. Sub-ionizers with relativistic energy would suffer less

scatter? ng than standard particles, and in general, the tracks appear as

widely separated clumps of droplets with individual droplets or droplet­

pairs appearing between them.

The ability to exclude from consideration a droplet arrangement

which would emulate a sub-ionizer is of foremost importance in our

search. Two factors are to be considered for setting the lower limit

for z or n. First is the lowest number of ion-pairs that produce a

recognisable track, the chamber condition being such that there are few

random background drops or none at all. The second is the lowest

ionization which permits recognition of a track in the presence of more

numerous accidental drops.

Our search for sub-ionizers is limited to the range of z or n
values lying between 1/6 and 1/2 • The upper limit is set as the

Tna-ri mum droplet number which is distinguishable from that of a

relativistic electron trade. The lower limit of z can be set after we 

study a number of photographs. However, we can fix the lower limit by 
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the mininnun number of droplets which can be properly identified as

forming a track in our chamber.
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CHAPTER U

APPARATUS

The apparatus used in this laboratory for the preliminary search of

sub-ionizers is a Wilson Cloud Chamber with all its associated control

mechanisms and the necessary equipment for photographic observation of
the chanter and the study of the results. (Fig. 3).

1. The Cloud Chamber
The cloud chamber used was constructed by Professor J. A. Bearden^

of John Hopkins University. It has a long sensitive time, which is

attained by allowing the chamber to expand slowly. The chanter has a

very satisfactory damping arrangement. The operating conditions were

thoroughly studied by H. C. Fitz and W. B. Good during their work. The

brass plate B (Fig. Li), serving as piston, was coated black at the top

in order to minimise the reflection of light. The means of expansion

is a sylphon bellows S which is closed at the top by the brass plate.

The expansion is operated when the valve V opens allowing the air to

escape from the bellows, and thus the liquid table L serving as the

bottom of the chanter is lowered. A set of lock-nuts N regulates the

opening of the valve. This, in turn, limits the rate at which air

^Bearden, J. A., "Wilson Cloud Chamber with an Increased Time of
Sensitivity," Rev. Sci. Instr., 6, p. 256 (1935).
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can escape, thus controlling the rate of expansions. Also the flow of

incoming air is regulated providing an extra regulation of the expansion

rate. The expansion ratio was adjusted by raising or lowering the

liquid table. The expansion ratio can also be adjusted by adjusting the

settings of the stops P which limit the stroke of sylphon, though this

was not tried by us.

The upper chamber is pressurized with clean air to help proper

coirpression of the sylphon bellows as a result of which the liquid

table, identifying the lower boundary of the sensitive volume of the

chamber, is properly lowered during each expansion. This

pressurization of the chamber is done in the absence of any pressure in

the lower portion of the chamber.

This chamber has an unusually long sensitive time. Professor

Bearden attained a sensitive time of more than two seconds. Although
18two seconds is considered long, Maier-Leibnitz , using a slightly

modified method with a different chamber, attained a sensitive time of

3 seconds.

With careful and proper adjustments, it was possible to attain a

sensitive time from 1.5 to 2 seconds and a very low background
condition of less than one drop/cm?. In quite a large number of

expansions, conditions in the chamber were such that tracks were found

to be fully developed without a single background droplet appearing in

the chamber.

l&Ma 5 pr-Leibnitz, H., •’Untersuchungen mit der Langaxnen Wilson-
Kaiuner,” Z. Physik, 112, p. 569 (1939).



2. Operating Devices

The chamber operation is controlled by means of a set of switches.

The switching system is operated by a set of adjustable, rotating contact

discs driven by a constant speed motor, so that the cycling time is

constant. These contact discs drive the relays and solenoids which, in

turn, operate the expansion of the chamber, open and close the lighting

systems, drive the camera, and regulate the heating systems and the

clearing field. Instead of using two wires for the clearing field, we

used an annular ring of thin alluminium foil between the glass cylinder

and the glass top. Rubber gaskets were used to seal the chanter air­

tight. Air to the chamber and sylphon bellows is supplied by a single

control panel provided with an ouncer gauge, a manometer and reducers

to regulate any variation of pressure in the line. An auxiliary unit

drives the camera. The camera is capable of taking several pictures

per expansion. The shutter opening time and the number of exposures

of the camera are controlled by means of a gear-clutch assembly.

3. Chamber Illuminating System

Illumination of the chanter during exposure time is provided from
three sides. (Fig. 3a). The illuminating system consists of three $00

watt projector lamps on each of two sides and four of these in the back.

Cylindrical lenses and parabolic mirrors collimate the beams of light

through the chanter. Accuracy of collimation is of utmost importance to

nri.rrf.nri.ae any scattering of light at the top glass and liquid surfaces.

Fi Iters were used to minimise the ultra-violet component of light,
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which in turn reduces the background effect. The camera is fixed in
19the position of least light scatter by the droplets, which otherwise

would need an extensive illumination to photograph them. The number of

lights used can be altered in accordance to the distance of the

camera.

b. Photography

The camera which we used for our purpose was a Sept camera kindly-

loaned to this laboratory by the University of North Carolina. This

permits us to use a method of stereoscopic study, as developed by Jones
and Ruark* 20. The camera box contains a front surfaced mirror M and the

camera is mounted at the top of the vertical box. (See Fig. 3b). The

inside of the box was carefully blackened. The picture consists of two

images of the chamber which appear to be taken from two different

positions separated by a distance twice the perpendicular distance of

the front nodal point of the lens from the mirror. The camera was

carefully adjusted for best possible focus and the camera was set to

take ten pictures per expansion. All pictures were taken on Kodak

Tri-X film which our previous workers found to be most satisfactory.

Though the film has a rather large grain, the slight loss in resolving

power is balanced by the gain in speed.

l^Good, W. B., "A Search for Particles Ionising More Lightly than
the Electron,** Ph.D. Thesis, University of Alabama.

20Jones, C. C. and Ruark, A. E., "Apparatus for Viewing and
Measuring Cloud Chamber Photographs," Proc. Am. Phil. Sqc., 82, p. 25>2
(19h2).
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5. Viewing

In general, three methods of viewing were employed, each one having

a particular advantage in our search for sub-ionizers.

(a) Dove-prism Stereoscopy

This method constitutes a preliminary viewing of the film on a magni­

fied scale to distinguish between individual tracks. A 35 nrn camera is

used for focusing the image on the screen on the opposite wall. It pro­

duces a magnification of nearly four times. Two magnified images, a

direct one and the other from the mirror, are seen. To obtain stereo­

scopy, one eye is placed behind the prism to view both images through it,

which reverses the two images. The other eye is placed so as to see both

images directly. The prism is so set then that one sees a coincident

image through the prism. The two images then yield a three dimensional

view. As the images were magnified several times it was very easy to

make a clear distinction between the droplets and the dust particles on

the top of the chamber. The three dimensional view also clearly

distinguishes between tracks which otherwise seem to branch from a point.
Pseudo-stereoscopy was employed to remove front glass (apparently)

surface from view. The film was fed in projector in a reversed way,

i.e. it was so fed that the image of the front glass was far removed

from the observer and the image of the liquid was nearer to the observer.

This helped us to avoid the trouble of looking at the tracks through the

dust particles, while otherwise careful mental adjustments are necessary

to distinguish between the droplets and the dust particles on the top

glass surface.
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(b) Ortho-stereoscopic Method

This technique of viewing the cloud chamber photographs was

developed by Jones and Ruark. The camera and the box on which the camera

was mounted to photograph the chamber are used for projection. This box

is dismounted from the chamber and placed on its side. The mirror is

rotated out of the way and a light placed behind the negative in the

camera projects the double image on a ground "plexiglass" screen

placed in the former position of the chamber. A second mirror placed on

the other side of the screen in the extended plane of the original mirror

helps the observer to see one image directly with one eye, and the

other image in the mirror with the other eye.

(c) Stereoscopic Microscope Method

After preliminary study of the tracks by the above two methods, any

interesting tracks or droplets are studied through a stereoscopic

micros cope. In this method, the number of droplets per square centimeter

can be measured with the help of a cell which has a calibrated area.

6. Radiation Source

The chamber was irradiated by means of a collimated radioactive

source of 6 yu.-curie radium source. The distance of the source from

the chamber was, in our case, variable depending upon the number of

tracks as too heavy a load of tracks affects chamber efficiency. Fig, 5

gives a schematic diagram of source detail.

7, Optimum Liquid Mixture

Much work has been done in the past for qualitative improvements
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in photography of tracks in cloud chambers.
21Loughbridge and Trueblood investigated a large number of organic

compounds with different gases. Meitner discussed expansion ratios of

different gases and liquid combinations showing how the ratio varies for

different gas pressures. The ideal mixture, in addition to producing

good tracks and low background fog, should be non-reactive with materials

of the chamber composition and should possess & low expansion ratio. By

background we mean the general distribution of droplets which form

simultaneously with the track and not the large amount of rain and fog

which eventually develop after any expansion. Flood experimented with

ethyl alcohol and water mixtures giving the minimum expansion ratio.

Proper liquid combinations for use in a chamber were extensively
studied by C. Beck^ and Das Gupta and Ghosh^. C. Beck worked with a

large nunber of liquids and found that a mixture of 50% normal propyl

alcohol and 25% acetone and 25% water had a satisfactory expansion ratio,

and gave excellent tracks with low background fog. Das Gupta and Ghosh

studied the effect of variation of alcohol percentage in water on the

expansion ratio to yield the best operating condition. Turbulence is

^^Loughbridge, D. H. and Trueblood, H. C., "Organic Liquids Suitable
for Cloud Expansion Warks," Phys. Rev., 46, 323 (1934)*

22Flood, H., "Formation of Drops in Supersaturated Ethyl Alcohol -
Water Vapor Mixture," Zeits. f. Physik. Chemie, 170, 294 (1934)*

23Beck, C., "Optimum Liquid Combinations for Cloud Chambers," Rev.
Sci. Instr., 12, p. 602 (1941). .

2^Das Gupta, N. N., and Ghosh, S. K., "Report on the Wilson Cloud
Ctamber and its Application in Physics," Revs. Modern Phys., 18, p. 225
(1946).
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decreased "when water is used. The use of water has three advantages over

other types of floors, as pointed by J. A. Bearden. First, it

practically eliminates turbulence. Secondly, it helps to keep the

chamber space free from dust and no partial expansion is necessary

between photographed expansions. Between operations and especially
after the chamber is opened (if necessary) to air in the room, it

requires only four or five expansions to get rid of all dust particles.

Thirdly, and most important, the long sensitive time is believed to be

due to the slower uniform expansion and the availability of ample water

vapor during expansions.

As found by H. C. Fitz with this chamber, a small expansion ratio

permits the liquid level to be low which gives a large sensitive volume
and effective V/S, volume to surface ratio, which helps give a long

sensitive time. As a practical minimum expansion ratio limitation, it

was found best to use as liquid a mixture of 33% water and 67% alcohol

(ethyl) to yield the best results keeping a balance between desired low

expansion ratio and ease of adjustment.

W. B. Good, in his search for sub-ionizers, used the same mixture as

suggested by Fitz. He blackened the solution with Putnam Press Dye to

attain a real dark background. This mixture gives well-developed drop­

lets while the general fog at the time of most suitable observation is

inconspicuous. We adopted, for our work, the same type of solution as
used by Good, 67% alcohol in 33% water blackened by Putnam Press Dye.
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TABLE I

OPTIMUM OPERATING CONDITIONS

1. Chaniber Constituents

Liquid: A mixture of ethyl alcohol and water in the ratio
of 2 : 1. Solution blackened with Putnam Press Dye
to provide a very dark background.

Gas: Air, washed in distilled water.

2. Liquid Level (Measured from Top of the Chamber Volume)

Compressed position: 1.7 cm.
Expanded position: 2.6 cm.

3. Pressures

Line: 50 - 85 Psig.
Sylphon: 7.5 Psig.
Chaniber: 4-5 cm. of Eg., when expanded.

4. Clearing Field

(Applied between a thin annular aluminium electrode on the
bottom of the top glass and the metal base of the chamber.)
Voltage: 185 D. C.
Current: 5-20 micro-amperes.

5. Interval Between Successive Expansions

63 seconds

6. Illumination of the Chamber

Lamps: 10 lamps, collimated.
Type - General Electric 500 Watt
Photolanps; 120 Volts A. C.

Ultra-violet Filters: Corning 738 and 385 superimposed.

7. Camera
35 mm. automatic, double spring drive Sept, camera.
Lens Opening: f: 4.5 and f: 5.6.
Lens to Chamber Distance: 57 cms.
Camera Cycling Motor Voltage: 28 Volts D. C.
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TABLE I, Continued

8. Duration of Exposure
Exposure Intervals 1/U second.
Exposure Times 1/12 second.
10 exposures per expansion.

9. Film.

Kodak 35 ran. Tri-X Superspeed Panchromatic.

10. Development
Kodak D-19 Developer at 68 °F (30 °C) for 9 minutes.
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CHAPTER HI

EXPERIMENTAL PROCEDURES TO OBTAIN GOOD QPKRATIN3 CONDITIONS

In our work much time was spent in efforts to obtain good operating

conditions with a long sensitive time and a very low background. In

fact, considerable effort was directed towards achieving, if possible, a

long sensitive time without any background effect at all,

1, Sensitive Time

The sensitive time is generally defined as the length of time for
which super-saturation remains sufficient to cause condensation along

the tracks of the ionizing particles.

After the expansion takes place, heat from the walls as well as the

latent heat liberated by the droplets associated with the tracks and the

background droplets gradually warms the chamber gas and after a tins

supersaturation begins to diminish to the extent that condensation can
2«Jno longer take place on the ions. Several workers, including Hazen ,

Bearden and Maier-Leibnitz did considerable work in determining a long

sensitive time. Hazen showed that the sensitive time can be lengthened
by increasing (i) the chamber pressure, (ii) the time for completion of

the expansion, (iii) the expansion ratio, or (iv) V/S of the chamber.

Maier-Leibnitz, using special technique, achieved a sensitive time as

^Hazen, W. E., "Some Operating Characteristics of the Wilson Cloud
Chamber,M Rev. Sc*. Instr., 1£, p. 2hl (1942).
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long as 3 seconds. Fitz and Good conducted a thorough study of the

various factors related to achieving long sensitive time consistent with

well-formed tracks and very low background. In measuring specific

ionization one must observe the tracks of particles that passed through

the chamber after completion of the expansion, but before the super­

saturation had become less than the threshold for condensation on all the

ions of one sign. The supersaturation at any instant depends on the

previous rate of expansion, rate of heat transfer from the walls of the

chamber, and on the track formation up to the instant.

In our present work, the chamber expands slowly and hence the

initial volume of the chamber and the rate of expansion determines the

position of the liquid at which the tracks begin to appear. Our main

objective was to adjust the expansion to bring the vapor quickly into

supersaturation condition most suitable for well-defined track

formation and to keep the vapor in that condition as long as possible,

against the heating effect mentioned earlier in this chapter. Fig. 6 is

a plot of expansion ratio against variation of time. The two dashed

parallel lines define the most sensitive region for well-defined track

formation; the lower dashed line represents the minimum expansion ratio

for track formation while the upper one limits the value of the

expansion ratio beyond which general fog becomes prominent. Curve (a) of

Fig. 6 represents too fast expansion rate where we get heavy fog

followed by short-lived ion track immediately after which the chamber
becomes insensitive. Curve (b) of Fig. 6 gives the best obtainable, 

in our case, expansion ratio with supersaturation sufficient to produce
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well-defined tracks with minimum background droplets. Curve (c) of

Fig. 6 shows the expansion ratio value giving very poorly developed

tracks due to improper supersaturation. For our purpose the expansion

ratio giving Curve (b) of Fig. 6 was accepted as the optimum working

condition yielding a long sensitive time with good track formation.

Approximate thermal stability between different parts of the

Bearden chamber minimizes circulatory currents near the walls due to

steady temperature gradient which in turn reduces turbulence to a

minimum. Though the main reason for turbulence is the movement of the

piston, in the present case, small chamber depth necessitated a minimum

piston movement to attain the required volume change which greatly

reduces the turbulence effect. All these factors contributed to increase

the sensitive tiw.

With reference to the Bearden chamber, Fitz calculated that if

there are n tracks per expansion, the observed sensitive time should be
multiplied by a factor of the order (n + l)/n, since the first track

usually occurs after the commencement of sensitivity and the last one

before the sensitivity ends.

Fitz found that it was more desirable to work with a low liquid

level than with a higher one. With this chamber, use of low liquid level

can be effected at the required smaller expansion ratio which has ths

effect of increasing the sensitive time. But we are also to remember

that there is a practical limitation on the optimum expansion ratio.

2. Background Effect

Droplet formation, during expansion, is wanted on recently produced
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charged nuclei only. Large background droplets or small clusters of

droplets are found to be present even when we are working within the

limit of proper expansion ratio. The background droplets are mainly due

to these causes:
(i) Photoelectric effects of the illumination.

(ii) Random ionization and excitation of the gas by soft X-rays.

(iii) Kinetic causes forming excited molecules or sub-colloid

aggregates in the gas. These nuclei may be charged or neutral.
(iv) Polymers, free radicals and metastable entities produced along

the tracks.
(v) Inpurities coming from the walls of the chamber.

(vi) Re-evaporation nuclei, effective at very small super­

saturation.

(vii) Possible electrolysis at the sweep electrodes.

Background droplets due to causes (i) and (ii) were avoided by

employing Ultra-violet filters of the type of Corning 738 and 385 super­

imposed. All the old nuclei, drifting far from their point of origin,

are removed from the gas volume by means of "clearing or sweeping"

field maintained between the chamber base and an annular aluminium ring

placed at the bottom of the chamber top glass.

Excluding the first two causes, all the other causes may contribute

to the neutral background. The margin between the supersaturation at

which substantially complete condensation on charged nuclei is obtained

and that at which the drop density of condensation on uncharged nuclei

becomes unworkable is always small. In practice, the critical super-



38

saturations for background condensations on uncharged nuclei are found

to be maximum, the presence of contaminating material tending to depress

the critical value towards and even below that for condensation on ions

(Flood), But no mechanism defining a critical supersaturation

comparable with that for charged drops exists. Experimentally, however,

condensation does take place on neutral nuclei, rapidly increasing

nunbers of which become effective as the supersaturation is increased.
Volmer and Weber (1926), Fracas (1927) and others^ made an estimate of

the supersaturation at which appreciable numbers of neutral nuclei

become big enough to act as condensation nuclei and grow to visible

size.

After an expansion leading to fresh condensation either on ions or

neutral nuclei, a cloud chanter contains re-evaporation nuclei on which

condensation will take place at very small supersaturation.

Condensation on re-evaporation nuclei, if present, can not be avoided.

These may be permanently removed by sweeping them away from the

chanter by a series of subsidiary cleaning expansion following each full

expansion to the ion limit.

Fact should be taken into account that there may be present, in the

gas, some excited atoms having threshold supersaturation values lying

below that for condensation of neutral nuclei. But though the margin

dividing the critical supersaturation for the onset of condensation on

2^Das Gupta, N. N., and Ghosh, S, K., "Report on the Wilson Cloud
Chamber and its Application in Physics," Revs. Modern Phys., 18, p. 22$
(19h6).
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neutral nuclei from that on ions is not very sharp, it is seen that below

a certain supersaturation formation of neutral droplets decreases rapidly

so that the use of an approximate description is justified.

The cleanness of the chamber is judged with reference to development

of background condensation over a range of expansion ratios near the

threshold of ion limit. Hazen’s experiment led to about 1 background
27droplet per c.c. Wilson ' defined a clean chamber as one with from one-

tenth to one background droplet per c.c. Good, working with the Bearden

chamber, obtained several photographs without any background effect at

all. In our work, we have also gotten a good many photographs which

show ion tracks free from any background droplet. Finer control with

improved mechanical operation of the valves and sylphon system that

avoid all sorts of their functional irregularities can possibly yield

more photographs without any background droplets.

3. Clearing Field

In our experimental work, the " sweeping or clearing" field, used as

a means to get rid of all old nuclei up to the instant of first track

formation, was maintained between an annular alluminium ring pasted at

the bottom of the top glass plate and the metallic bottom of the

chamber. This was an improvement over the older way of using field

wires, as there was always a chance of leakage of chamber pressure at

the end points of the field wires.

2?Wilson, J. G., “Cloud Chanfcer Technique" (Cartridge Monographs on
Physics), Cambridge University Press, Cartridge (19^1).
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During our work the clearing field was automatically turned off

immediately just before each expansion. The clearing field swept away

all ions from the sensitive region of the chanter formed up to the

instant of the expansion. This technique, in effect, yielded an

increase in the sensitive time of the chanter than in the case when the

clearing field was kept on during the entire period of the expansion.

However, particles passing through the chanter before the chanter went

into the sensitive region and after the clearing field was eliminated

were, to some extent, diffused. But as the background density was too

low, it did not invite too much concern. Moreover, elimination of the

clearing field just before each expansion did not produce any noticeable

increase in the background effect. The extremely low turbulence effect

in this chamber prevented the early tracks from getting diffused to any

considerable extent.

U. Multiple Photography

The purpose of multiple photography was to yield a series of

pictures per expansion thereby providing us a method of discounting the

background droplets on a particular photograph which were present in a

preceding photograph on the same series. Though the speed of

photographic frames can be adjusted according to the needs, we selected

a speed of ten frames per expansion.

5. Considerations in Selection of Photographs for the Search

As we shall see, primarily we can base our search for the sub­

ionizers on two main classes of photographs. The most desirable class
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is that having no background at all or at best only a few drops through

the entire expansion. In the less favoured type of expansion, there

are no background or a very few background droplets in a portion of the

expansion, beyond which the neutral limit is exceeded and background

droplets appear. Our whole attention is focused in this search on the

most desirable class of expansion. We classify the observable types of

expansions as follows:

(a) Classification of Expansions

Class 1. The chamber is rather under expanded. The tracks that

are observed are very poorly developed; no background droplets are

found to be present.

Class 2. The chamber is properly expanded. The tracks are well-

developed with the expansion of the chamber. No background droplets

form till very late in the expansion, if at all.

Class 3. The chamber experiences a good expansion which there­

after leads to a state of over-expansion and general background.

Class U. The chamber is in a state of over-expansion and general

background effect is present from the beginning of the expansion.

Fig. 7 shows these classes and yields information about chanber

conditions, appearance, sensitive time and methods for interpretation as

described above.

(b) Chamber Condition in Each Class of Expansion

The random frequency of primary ionization and the fact that

secondary ions are produced by the fast moving primary particles, both
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lead to the irregular droplet density associated with the track and

also the cluster of droplets whose optical images could not be resolved.

The primary importance of multiple photography can be explained

from the fact that when a track image first becomes observable, either

visually or with the help of fast photography, the more dense clusters

of droplets show up while the individual droplets are still not bright

enough to be registered. If multiple photography were not adopted, the

error as judged from low ion-pair density conprising only the clusters

of droplets along the tracks might cause the track to be identified as

belonging to the sub-ionizer class. The multiple photography provides

us a means to record the track growth with the maximum number of dis­

tinguishable droplet images. It also helps us to observe the

distortion effects due to local turbulence and also the different rates

of fall of different-sized droplets. The average duration of a track is

three photographs or at least half a second which is long enough for a

track to develop completely into its full droplet density.

Class 1.

The chanfcer is slightly under-expanded as a result of long time­

drift condition. No background droplets are present; sensitive time is

reduced by far. The track development is not complete. What appears

to be individual droplets are nothing but cluster images. As a result,

the counting of droplets along immature tracks does not permit

reliable identification. (Fig. 8).

Class 2.
The chamber expands rapidly and passes on to the sensitive state
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Fig. 8. Illustration of Class I Expansion.

Fig. 9. Illustration of Class U Expansion
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( a )• First Frame.

( b )• Second Frame.

Fig. 10. Illustration of Track Developement in a Class H Expansion
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( o )• Third Frame.

( d ). Fourth Frame.
Thar* are good examples of track developement in this series. This
series is an actual sequence of four frames with a time interval of
1/4 second between successive frames.

Fig. 10. Illustration of Track Developement in a Class U Expansion.
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Fig. 11. Illustration of Class HI Expansion.

Fig. 12 Til nitration of Class IV Expansion
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for ion-track growth in a time of about .03 of the total expansion time.

After attaining this state, the expansion continues regularly well

within this expansion condition. At the initial state, the tracks

present an appearance with isolated clunps only; but after the lapse of

about 1/1; second the pictures of individual droplets begin to fill up

the gaps between clunps. Within about 1/2 second of its first

appearance, the tracks present a well-developed appearance with all

individual droplets appearing. In other words, the track has a complete

and full development. There are practically no background droplets

throughout the entire expansion. (Fig. 9). Fig. 10 illustrates the

track development in a Class U expansion.

Class 3•

This type of expansion occurs when there is a slight departure

from the optimum operating conditions, resulting in a slightly higher

expansion rate. At the end of about 3 photographs considerable back­

ground droplets appear, which have a definite deterrent affect for sub­

ionizer study. In many instances these background droplets fall back

into the chamber, leaving the chamber in the state of class 2 expansion,

when, if the chamber conditions are still sensitive, new tracks may

appear without any associated background droplets. (See Fig. 11).

Class h.

This type of expansion is associated with some thermal and

mechanical irregularities and also sometimes turbulence. Heavy tracks

and general background are effective from the initial state of

expansion. Though the tracks are rather bright and heavy, the counting 
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of droplets is extremely hard, in a sense rather inpossible. After a

few photographs, 2 or 3 frames, the whole chamber is completely filled

with general heavy background droplets. (See Fig. 12).

A study of class 1 expansions offers the possibility of setting a

lower limit on the expansion conditions for obtaining good tracks.

Examination of class 1 sequences enables us to eliminate all particles

in tracks seeming to be sub-ionizers but which are actually very poorly

developed faint electron or meson tracks. Class 2 enables us to examine

carefully the isolated droplets and to subject them to all sorts of

examination (Fitz-Ruark method) to determine whether they can be due to

sub-ionizers. Study of class 3 characteristics makes it possible to

put an upper limit for the chamber condition to yield class 2 expansions.

Study of class h. expansions gives us an insight into the conditions

leading to the depletion of vapour supply and re-establishment of

saturated condition in the chamber.

(c) Track Selection

In selecting groups of photographs for the study of possible

e-xd stance of sub-ionizers, we have to consider not only the class

criteria but also the growth characteristics of the track. Closer

examination shows that, under our working conditions, the tracks

resulting from class 2 are most suitable for study whether sub-ionizers

exist or not.

As has been found, three consecutive photographic sequences are

required for a track to develop fully. During this time, which is

about half a second, the tracks on the upper portion of the chamber
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tend to develop completely whereas those towards the bottom portion of

the chamber fall out of view. In choosing our selection of photographs

for study we consider only those tracks which appear in all three

consecutive pictures. We consider the photographs to be grouped as

follows:

dated with distortion

Group Photograph Numbers

1 1, 2, 3 Excluded as tracks gener-

2 2. 3, ll ally do not appear before

3 3, U, 5 ■third frame.

h b, S, 6

5 5, 6, 7

6 6, 7, 8

7 1, 8, 9 Excluded as ninth and

8 8, 9, 10 tenth photographs, in

most cases, were asso-

due to turbulence effect.

(d) Some Important Factors Govern^ ng the Selection of Sub-Ionizing Tracks

(1) The tracks should be about 3 era* to 8 cm. long with

approximately uniform ionizing density and preferably straight. This

length is chosen to insure that the droplets belong to a trade and are

not the result of random fog arrangement.

(2) Care must be taken to determine that the droplets forming ion­

pairs do belong to the same track and are not the background droplets.
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(3) The expansion under consideration should show full track

density growth. Some minute traces of background droplets should be

observable to insure that the track under examination does not lie in a

vapor depleted region.

(h) The track under examination should lie in such region of the

chamber that stereoscopic view is clearly observed.

(5) The track under examination must be present, at least, in three

successive photographic frames of the same expansion.

(6) The direction of entrance of the sub-ionizing particle should

be ascertained.

(7) The particular expansion should be uniform in character. If

inproper mode of operation of the cloud chamber is suspected, then the

particular expansion should be rejected.

6. Methods Followed in Studying the Photographs

First of all the photographs yielding good records are selected

and grouped as discussed previously, and later on they are subjected to

search as discussed below.

(1) First, each photographic frame is scanned carefully under a

Dove-prism Stereoscope for possible tracks that seem to have an

ionization density less than that of an electron track with minimum

ionization. In this selection care is taken that the chanter yields

other associated tracks which show full development.

(2) Second, if a track is found which is suspected to belong to the

sub-ionizer class, this track is subjected to the laborious but careful

study of counting optical images of ion-droplets with the help of
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stereoscopic microscope.

(3) Third, closer ortho-stereoscopic examination is made to confirm

that the droplets forming a suspected track having an ionization less

than that of an electron track at minimum ionization, do actually lie in

the same line.

As noted in paragraph 1, only those photographic frames were

considered in which there were other full grown tracks (electron or

meson tracks) besides the suspected tracks. This condition is

necessary to insure that the expansion yielded good track development

conditions. If a suspected track was found to lie very close and

parallel to an earlier track which might have impoverished the vapor,

then the suspected track was rejected.

Moreover to get sufficient data on track development information,

counts were made of optical images of droplets belonging to typical

electron trade.

7. Track Growth and Track Characteristics

In our case the total number of tracks counted during any expansion

consisted of the tracks of particles from the source as well as those

due to cosmic events and the general radio-active background. These

were subjected to the sub-ionizer search so long as these were in the

general plane of the cloud chamber. Cosmic rays arriving at zenith

angles less than 30° were excluded from our search since their

ionization could not be found out by our method.

A study of the growth of track population against expansion time

was repeated and the study yielded a result fairly agreeing with that
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obtained by Good. The general appearance of the curves representing

track load, total number as well as new tracks, has practically the

same characteristics in all four types of expansions. The curve

characteristic shows that the growth of new tracks as a function of time

is acconpanied by a rapid rise during the early part of the expansion;

but the case is a little different in case of Class IV expansion. After

the new track load has attained the peak, the number of new tracks

decreases at first rapidly and then more gradually for the remaining

portion of the expansion. But in case of Class IV expansion the number

of the new tracks shows from the very first a gradual decrease in

number with the expansion time. (Figures 13, lb).

It should be pointed out that the track development data was

rather difficult to collect and deviations in conditions due to

(1) statistical variations, (2) inaccuracy in drop count, (3) inaccuracy

in expansion classification, (U) entrance time of particle, led to an

over-all inaccuracy.

Though we get an idea of drop growths from the slopes of the

curves, the track density data as given by the curves can only be

taken to give an approximate magnitude with an inaccuracy of as large

as hO% to 5>0%.

The photographic record shows that nearly 1/2 second is needed for

a track to be developed fully. At the initial stage of its record the

clunps of ions close together are most probably created by secondary

ionization and these clumps of ions due to their greater density

than the primary ions become visible before the individual droplets can
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attain visibility. As a result, the primary events represented by a

pair of droplets at most will not be visible until later in the

expansion.

Although there are some inaccuracies present, the track development

curves (Fig. 15) range in values as would be expected. The lower value

of the ionization corresponds to the primary ionization of a relativistic

particle while the upper region (the few very high values are excluded)

averages to somewhat 70 droplets per cm. The probable ionization value

of a relativistic particle is less than what we got and this deviation

in our value can well be explained, in addition due to the inaccuracy

factors explained earlier, to be due to slightly greater chamber

pressure than the atmospheric pressure and the presence of alcohol

vapor inside the chamber rather than the air; these two conditions help

build higher ionization value. The tracks having very high values of

ionization are identified as slow tracks.

Good, in his work, calculated that a drop, or track, created in

the middle of the chamber should take at least 1/2 second to fall one

cm. distance which is a sufficient time for it to appear in three

photographs and grow to visible size.

These explanati ona based on data stress the importance of choosing

photographic records such that the selected tracks will show maturity

in growth. As is evident from the study of the track development

curves, if a track falls out from the chamber before it is recorded in

the third frame -then its ionization data can not be relied upon. The

best criterion for selecting a track for study is that it must be

recorded by at least three photographic frames in succession.
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Also since the curves of track population (Figs. 13, 14) show a

variation in the sensitivity of the chamber, in estimating upper limit

for sub-ionizer production we shall have to base our study for that

interval of time for which the chamber has the maximum sensitivity. This
factor cuts down the time of study to approximately 1/3 of the total

expansion time. Though this gives us a figure undoubtedly small, it

places emphasis on the chamber reliability, excluding those portions of

the record where any uncertainty of chamber condition exists.

8. Vapor Poverty and Chamber Sensitivity

The vapor depletion effect was most clearly exhibited by Class IV

expansions which are generally associated with heavy background droplets.

The general case is that when the droplets along the tracks are in

process of formation, they take vapor from an extended region surrounding

the particular track which has the overall effect of depleting the vapor

in those regions. As a result if any particle happens to pass through

those vapor depleted regions, the track due to that particle in the
depleted region fails to exhibit proper track growth density. Fig. 16

exhibits a clear case of vapor depletion, the expansion under

observation is Class IV associated with heavy background droplets.

The frequency distribution of the diameters of these vapor-poor

regions was measured by Good. He also showed that an approximate

estimate of the vapor swept out of the chamber per track can be made

from these data.
Observation of the curve representing the population of new tracks

against expansion (Figs. 13, 14) time shows that the load of new tracks
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Fig. 16. Illustration of Vapor Poverty in a
Class IV Expansion.

Fig. 19* Illustration of Unusual Behavior of a
Heavily Ionizing Particle.
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falls rapidly after the third frame. This phenomenon can be explained

as due to the following reasons: (i) A track load in the earlier part of

expansion may reduce the vapor supply or distribution by way of sweeping

out vapor-regions during the process of track growth, (ii) If there is

an excessive load of tracks, it may reduce the sensitivity of the

chamber as a result of heat release during formation of drops,

(iii) Improper mode of operation of the chamber and general heat transfer

may contribute to reduce the sensitive volume of the chamber, (iv) Vapor

poverty effect is not only associated with the Class IV expansion but

should also be considered as a factor in better class of expansions.

Many tracks in the later part of the expansion are ragged as a result of

their passage through vapor-poor regions. As stated above, if a track

on entering the chamber depletes an extended region surrounding it, then

during the course of its fall through the chamber it will go on

depleting the vapor because the droplets are still growing. This will

give rise to extended strips of vapor-poor regions extending through the

chamber and these vapor-poor channels will not allow the other tracks to

grow properly. Now if accidentally a track happens to lie completely

within these vapor-poor regions, this track will not grow at all and as

a result it will be completely missed from visual observation.

This factor thus has the effect of reducing the sensitive volume of

the chamber during the later part of the expansion. If it so happens

that the vapor in the chamber fails to redistribute throughout the

chamber during the remaining part of the expansion, then these vapor­

poor regions will lead to the formation of ragged tracks. (Fig. 17).
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Frame 1. Initial stage of growth of tracks 1, 2 & J.

Frame 2. Tracks 1, 2 & 3 show growth in droplet density ; track 4
appears*

Fig. 17. Illustration of a Ragged Track Due to Vapor Depletion in

a Class HI Expansion
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Frame^* Track 5 appears. The points at which (i) track 5 intersects
tracks 1 & 2, and (ii) track 4 intersects track 5, show lack
of drop growth of (a) track 5 due to vapor depletion by tracks
1 & 2, and (b) track 4 due to vapor depletion by track 5.

Frame 4. Tracks 1, 2 & 3 disappear. The tracks 4 & 5 show increase in
drop density, but lack of drop growth at the points of inter­
section referred above.

Fig. 17. Illustration of a Ragged Track Due to Vapor Depletion in a

Class IH Expansion
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Frame 5. Track 5 lacks of drop growth at its points of inter­
section with tracks 1 & 2.

Fig. 17. Illustration of a Ragged Track Due to Vapor Depletion in

a Class III Expansion.



6h

Ex
pa

ns
io

n T
im

a,
 in 

se
co

nd
s

*
uo

G

__ _______________ ->— —------------------------
S § & 0

(’□•0/sdojj) ^ysuoa punoj^oag <--------------------



&

But still if it could redistribute itself throughout the chamber during

the remaining portion of the expansion, there will evidently be a drop in

the value of the vapor density which is available for the formation of

track droplets.

9. Background

Each class of expansion presented its own background characteristic

entirely different from the other classes, except when there is an

overlapping of classes. It was not possible to calculate the absolute

magnitude of background droplets for each individual class. But we

managed to calculate the approximate background density and plot the

curves from which difference in the class background characteristics

could be illustrated. In our case we only plotted the curves far

Class III and Class IV expansions. In view of the definition Class I

has no background droplets. Class H was found to be associated with

approximately, on the average, less than two background droplets per

frame and these droplets generally occurred in the later part of the

expansion. Fig. 18 shows a plot of the curves with background density

against expansion time, in cases of Class IH and Class IV expansions.

As shown in those figures, each class of expansions clearly exhibits

two distinct, different rates of growth of background which is evident

from the slope of the curves showing background density plotted against

the expansion time. A comparison of the slopes shows that the higher

slope in case of Class HI expansions roughly approximates the lesser

slope in case of Class IV expansions. This rough correspondence points

out the overlapping of classes and we can be fairly certain of the fact
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that a possible error has crept into the classification of these

photographs. This error did not affect our result as we excluded both

the Class HI and Class IV photographic frames from the study in our

final analysis.

10. Heavily Ionizing Particles

During the search for sub-ionizers in the body of photographs, an

interesting event was noted. In quite a number of frames a very heavy

track was noted whose track droplets diffused with time and with the

track droplet density assuming an undulating shape. This can be

associated with a heavily ionizing particle. Careful examination of its

track and ion density suggests that it might be due to a nuclear

fragment. It can not be ruled out easily that it might be an

unrecognised new particle. Charge exchange can be held responsible for

the odd variation in the density. Proper examination ruled out the

turbulence effect to be responsible for it. It seems to be an

interesting phenomenon to be studied in detail by future workers.

(Fig. 19).
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CHAPTER IV

EXPERIMENTAL RESULTS

1. Track Summary

In the previous chapter an attempt was made to divide the chamber

expansions into four different classes. As mentioned earlier there

exists, to a certain extent, an overlapping between Class H and Class HI

expansions. As a result of this overlapping, it was not possible to

select a sequence of photographs which were absolutely free from

undesirable background droplets. Consideration of the entire sequence

of Class II expansions often compelled us to tolerate the presence of

so kb background droplets along with several well-developed tracks.

Because of the reasons put forward in the previous chapter, we carefully

omitted the last two frames of each expansion from our consideration.

During the course of the present study approximately 12,750

pictures of the Bearden chamber were taken. Failures such as mechanical,

faulty processing and low quality focussing led us to discard an

appreciable number of those, while approximately 7,500 pictures of the

chamber were carefully studied. We present below the number of each

class along with the associated number of tracks and the expansion time,

which were examined.
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Class
Total Number of

Expansions
Total Nuriber
of Tracks

Expansion Time
in Seconds

I 115 1,065 173

II 325 5,211 550

hi 253 5,566 hl3

17 5U 861 99

Totals 7h7 12,703 1,215

Greater preference was necessarily attached to the study of

Class II expansions than to others for reasons to be explained in this

chapter and also due to the small number of background droplets which

might present some confusion in the selection of sub-ionizer suspects.

Consideration of track fall-out and small number of background droplets

in Class H expansion caused us to limit our study to three photographic

frames of this class per expansion. This necessarily reduced the total

expansion time for Class II to 177 seconds from the total expansion

time of 530 seconds.

2. Results of Observation

A first study of the chosen photographs yielded about sixty tracks

that were marked for further examination. A second study resulted in

the elimination of all except fourteen. A third and more careful study

reduced the number to five. Those five tracks have been subjected to

all the tests and still look quite suspicious, as though they might

possibly be due to sub-ionizers. See Figure 20 for photographs of two

of the suspects.
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Four of these tracks appeared distinctly on three frames and the

fifth one appeared distinctly on four frames. In each case the chamber

showed fully developed tracks without too much background. In neither

case was the suspected tracks close enough to another track for vapor

depletion to affect its growth density.

In each case counts were made on the same photographs of typical

electron tracks and a count was made of the suspect track. The results

of these counts are as follows:

Track No. Lengths Cms. Average No. of
drops/cm. length

Typical Electron
Track Count

Drops/cm. length

1 2.8? 3.806
Av. K - 3.7$

$3

2 6.63 3.921 67

3 3.97 3.$3 $7

4 3.4 4.706
Av. K - 4.917

61

$ 6.63 $.128 71, 71

For a particle that produces a small number of primary ions per cm

of path one would expect the distribution of ions along the path to

follow a Poisson distribution. This was tested and apparently this is

the case.

For tracks 1, 2, and 3, the average number of droplets per cm of

path length was nearly the same and the over-all average for all these

three was 3.7$ drops/cm. For the other two suspects the two averages

were quite close and the overall average for these two was 4.917 drops/

cm.
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Frame 1 of Sub-ionizer Suspect 1. ,

Prama 2 of Sub-ionizer Suspect 1.

Fig. 20. Illustration of Sub-ionizer Suspects.
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Frame J of Sub-ionizer Suspect 1.

Frame 1 of Sub-ionizer Suspect 2.

Fig. 20. Illustration of Sub-ionizer Suspects
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Frame 2 of Sub-ionizer Suspect 2.

Frame J of Sub-ionizer Suspect 2.

Fig. 20. Illustration of Sub-ionizer Suspects.
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Figure 21 shows theoretical curves of Poisson’s distribution with

averages of 3.750 and 1*.?17 counts/cm respectively. The experimental

points for the two cases are as indicated in the figure.

3. Conclusion

Although. it is impossible to say that the suspected tracks

represent new particles, these tracks are certainly different and have

a droplet density which is less than one-tenth of that in tracks of the

same photographs which seem to be due to the electrons.

Probably the only way that the question concerning suspects of

this type can be answered would be an exhaustive search with the chamber

in a strong magnetic field. Since the present study has yielded some

tracks that are definitely suspicious it would therefore seem worth­

while to repeat the entire procedure with the chamber in a magnetic

field
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