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ABSTRACT

Cloud expansion photographs of the photo-
electrons produced in hydrogen, air, and argon
by means of the X radiation of Mo show that
the most probable direction of emission is the
same for all three gaées, and forms an angle of
about 70° with the x-ray beam. These angles
have been measured by means of a stereoscopic
comparator specially built for the purpose. The
total number of tracks measured is 443. Dis-
tribution curves plotted with number of tracks
starting at a given angle with the x-ray beam
against the angle show a narrower peak for hydro-
gen than for the argon. This qualitatively sup~
ports the view that the distribution is due to
secondary scattering by the electrons in the
atoms thru which the photo-electron passes and
that the initial direction of emission may be
constant for a definite wave length and depend

only on the radiation.



The study of the exchange of energy between radiation
and matter has become, without doubt, the major problem of
contemporary physical science. In the review of the problem
one soon finde that the metho@s of experimenfal attack are
readlily classified into twb groups; firet, the type which
allow a study of integra& effects; and, second, the type
which allow a gtudy of individual effects. As illustrative
of the first group might be mentioned ionization measure-
ments, the blackening of photographic plates, and countlegs
spectroscopic means. In the second group there are 'in ex-
istence so far, only two general methods, the Geiger counter
and the Wilgon cloud expansion chamber. Both of these tynes
of apparastus allow one to work wifh the effect produced
when a single quantum of energy falls upon matter.

The credit for the cédold expansion method ie due to
C.T.R.Wilgon who originally developed it in.1912. Since
then he, and various other workers, (seé/bibliography)
have s0 perfected the method that it has now become a well
known and powerful tool in modern physics.

T he present thesis is the preeentation of data ob-
tained from the study of stereoscopic clcud expansion
photographs of the paths of B-rays produced in vaiioua
gases by homogeneous x-radiation.

Numerous workerg have observed an asymmetry in the
photoelectric current arising from a radiator placed in
the path of ultra-violet light, x-rays, or gamma rays.

The ratio of the current in the forward direction to that

in the backward direction has been found to vary from 1.1%



in the case of ultra violet light l)using platinium films
as radiétora, to 30 for carbon plates and gamma rays. 8)De
Foes) has recently obtained a ratio of 3.89 for the asym-
metry of photoelectron paths in air, photographed by the
cloud method, using the Ky radlation of molybdenum. More
specifically, the most probable direction of emission of
nhotoelectrons in gases, by means of x-radiation has been

“)ana the author). Using a method

investigated by Bothe
involving the counting of electrons by a Geiger counter

set at various angles with respect to the x-ray beanm,

Bothe found a slight variation with the hardness of the
radiation and also with gas used. His valueg vary from 73°
to 81° for the most probable direction of emission, depend-
ing upon the above factors and also upon the gas pressure.
The present author found, by photograrhing the tracks in
air, and measuring their directione by meansg of a stereo-
comparator (to be described in this paper) that, with .4

radiations from a Mo-target Coolidge tube, the most probable
angle of ejection was about 70°°

Since the cha@ber uged in thesge investigations is con-
siderably larger than any hitherto reported and contains
many new features'not incorporated in its predecessors, and
eince further, the technic of obtaining good sharp photo-
graphs at every expansion ies aquite critical, it ie felt
that a fairly comnlete description of the nrocess will be

of value.

1) Stuhlmann, Phil. Mag. XXLI, p 8B4, 1811.
2) Mackensie, Phil. Mag. XIV, p 175, 1%07.
3) De Foe, Phil. Mag. YLIX, p 817, 1925.
*4) Boths, 2S. f. Pahys. 26, p 59, 1924,

8) TLouchridge, Phys. Rev. 26, p. 887, 1925.



THE EXPANSION CHAMBER.

The expansion chamber ig shown diagrammatically in
Fig. 1, in which its dimensions have been carefully drawn
to scale.

The enfire apparatus is of brass except the roof 1
and the wall 2 of the expansion chamber itself, which are
of glass. The roof ig a disc of 3/8" plate glass, the
wall a cylinder of glass 1 5/8" high cut from a 10%" in-
gide diameter bell jar. The chamber therefore has an inner
diameter of 104" and so ie much larger than any heretofore
described. The vplate glass roof is cemented to the uprer
face of a2 brass ring 5 with sealing wax, while the glass
cylinder, the edges of which are carefully ground, is fitted
into a groove in the lower face of thie ring, and also ce-
- mented with sealing wax. This operation is best carried out
in an electric oven, in which the parts are heated slowly
to about 135°C and are then allowed to cool. The brass
ring performs the double function of strengthening the joint
between the roof and the wall of the chamber and forming
the electrode by means of which the electric field is applied
to the chamber. The whole is then set on top of the ex-
pangion cylinder 4 and sealed airtight below by means of
goft wax, (equal parts beeswax and rosin) which is applied
with a small warmed vipette, the lip of the expansion cylin-
dei being subsequently warmed with a small blow torch to
sssure good contact everywhere. The glass chamber ie held

down by means of a second brags ring 3, which is secured to
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the expansion cylinder by means of a number of bolts. This
enableg the chamber to be put under pressure greater than
atmospheric. Agide from the advantage in ailowing gases
under presgsure to be studied, this is also extremely'con-
venient in taking apart the chamber, since it is only
necegsary to apply compresseé air through one of the needle
valves 6 to 1ift the chamber and attached cylinder. A gag-
ket is of course inserted between the second brass ring
and the plate glass top to avoid strains. The expansion
cylinder top also has a small rigge (not shown in the draw-
ing) on the inner gide to keep the soft wax from running
over into the cylinder. |

The expansion cylinder 4 itself (machined from a cast-
ing) is provided with a cooling pipe 7 through which tap
water is run to keep water from condensing on the glass
'parts of the chamber, and also with two needle valves 6
for the admission of gases, adjustment of volume of gas
in the chamber, washing the chamber with gas, etec. It is
secured to the base plate 8 of the instrument by means of
brass screws, a double gasket, consisting of a layer 1/8%
sheet rubber plus a layer of 1/16" rubber dam being in-
serted. In taking apart the chamber these screws are
loosened and the expansion cylinder with the expansion
chamber attached forced up with compressed air.

The piston 9 itself (also machined from a casting)
is provided with a ridge around the edge of its top face

to hold in the gelatin coat. In our case the piston iteelf



wéighs some thirty pounds, the whole being made massive for
various reasons: to retain its shape; to act without vibra-
tion, to enable piston rings to be inserted,. and reduce
poseibility of leaks (porosity of casting). This relatively
large weight introduced a new difficulty, namely that the
water level 10 in the cylinder was too high, a condition
which resulted in splashing and even in water flowing over
the top of the piston. However this whole difficulty was
easily remedied by supporting the weight of the piston by
means of a phosphor-bronze compresgsion spring (not shown in
the drawing) seated on the top of the central valve cylinder
extension 11.

The space underneath the piston is filled up as com-
pletely as possible by means of a wooden ring 13, which is
carefully treated with paraffin to make it watertight.

The vertical wall of the piston (Fig. 2) has soldered
to it a sleeve §, which slides on a vertical bolt B. The
latter carries at its upper end a nut N; (provided with a
set screw) which limits the height of rise of the piston.
The bolt at the same time keeps the piston from rotating.

In order that the height of rise of the piston be adjustable
from the ouxéide, this bolt is threaded below through a
square nut N5, which is kept from turning by an L shaped
stbp L soldered to the base plate P. The bolt can be

raised or lowered by means of a screw driver. To make the
seal tight the bolt is further provided with a nut Nz with

a collar, over which is slipped a piece of tight fitting



rubber tubing, which in turn fits into the aperture in the
base plate of the apparatus. As an additional precaution
against leaks, a brass oylinder ¢ with a rubber gasket 1is
fastened over the projecting nart of the bolt.

The base plate is provided with two apertures which
serve to admit the two tubes of a water gauge. One of
thesc tubes onds flush with the floor of the chamber; the
other extends vertically beyond the water level. On the
outzide of the chamber these two tubes terminate in nipples
to which two pieces of rubber vacuum tubing can be attached.
The latter connect with the two ends of a vertical glass,
in which the water level can be observed. To fill the cham-
ber water is poured into the upper tube, which is slipped
off the gauge and attached to a funnel for this purvnose.

The water level itself need be only an inch or &0
above the floor of the cylinder. Too high a level may cause
}the water to splash during an expansion and must be avoided.
The cgunferbalancing of the piston serves to keep the water
level.down. It the piston is not counter-balanced, the
water level between the piston}and cylinder wall may rise
until it is near (or even above) the top of the piston. In
this case splashing is hard to avoid.

Another cause of splashing, particularly if a stop is
used to 1limit the height of rise of the piston, is a leak
of air out of the upper chamber either around the piston
gagket or through the piston itself. 1If the aii is gradu~
ally sucked out of the chamber, the air in the latter will

of course be at reduced pressure. Ordinarily, with no stop,



the p1stoh would rise higher on being let up until equilibrium
is again restored. However with the stop this cannot take
place and the water rises instead.

For this reason the leak of air out of the chanber must
be avoided. This is done by choice of proper gasket on the
oneé hand, and the avoiding of porosity in the piston on the
other. The second point is taken care of covering the in-
side of the piston with soft wax.

The base plate 8 has a circular aperture which opens
into the velve cylinder 13. Projecting uoward from this
aperture is the valve cylinder extension 1ll--a cylinder
about 34" high, which nrevents water from entering the valve
cylinder. The valve cylinder itself containe the exnansion
valve, which on being onened nroduces the expansion.

The consistent action of this valve ig important, eince
it affects the timing. Leake also must be avoided since
they cause the piston to creep. 1In order to insure that the
valve seats provmerly, two small phosphor-bronze fingers (not
ghown in the figure) are introduced which act as guides and
keep the valve cap from tilting. The under side of the
valve cap has a rubber gasket which isg attéched rigidly to
it by meang of a brags disc held by a screw.

The valve cép 14 is carried by one end of a lever 15,
the other end of which is mountéd on a ghaft, which runs
tarough the wall of the valve cylinder and is manirulated
by meaneg of an electromagnet from the outside.

The manner of making an airtight seal between the shaft



and wall of the cylinder is shown in Fig. 3 where § repre-
gents the shaft, W the wall of the cylinder, P a cylindrical
projection, and R a piece of rubber tubing the two ends of
which are sealed with shellac. This manner of making the
seal is poscible because the sghaft need rotate only through
a small angle. The outer end of the shaft carries 2 double
lever arm, one end of which is attached to the plunger of an
electromagnet, while the other ie fastened to 2 spring which
presses down the valve cap against the valve opening, and

80 aggures a good seal.

The valve can be opened slightly by pressing down one
end of the outer lever. This is convenient for nroducing
gslow expansions in clearing out the chamber and a2lso in set-
ting the piston. The piston is let up by admitting =2ir
through the needle valve 16, and let down by pressing lightly
on the outside lever arm. If the piston is let down slowlj
by pressing lightly on the lever arm, the formation of a
general cloud can be avoided.

The manipulation of the piston is then, after an ex-
pangion to let it all the way up by ovening needle valve 16,
to reduce the tendency of the air to leak around the piston
gasket, and allow it to remain in this pogition until the
time comeg for another expansion. Then, by pressing slightly
on the lever arm after closing valve 16 the piston is allowed
to fall slowly until it ie somewhat below the correct set-
ting, and now it is allowed to rise to the propexr setting by

onening the needle valve. With a little practice the whols






Operation can be carried out very rapidly.

Accessibility is an important requirement of the valve,
since it may occasionally need a2 new gasket or some adjust-
ment. For repairing the valve the expansion chamber plus
the exnansion cylinder is lifted off entirely, and also the
valve cylinder extension.

The lower vacuum chamber 17 is provided with a drain
plug 18 and also two valves 19, one of which leads to a
mercury manometer and the other to an aspirator pumn. As
such was used four largeé brass filter pumps connected in

parallel.
THE PENDULUM

The timing pendufgg;ﬁénsists of the bob mounted on
the lower end of a rod, the upper end of which is attached
to a horizontal shaft. This shaft, which is mounted in well
oiled bearings to eliminate friction, carries four commutators,
each of which is simply a fiber disc with a metal inset on
its periphery. Four stationary metal phosphor-bronze brushes
slide one on each of the peripheries of these discs and es~
tablish the contact with the metallic segments. Three of
the commutators have a single segment each, the fourth (that
controlling the electric field) has a double segment so ar-
ranged that when the pendulum is drawn back the voltage is
applied to the ring electrode of the expansion chamber but
s0 that just before the rays enter the voltage is cut off
and the ring electrode grounded.

Each of the fiber discs is fixed to a short brass



cylinder, (collar) which slips over the shaft of the ven-
dulum, and can be rotated with reférence to the shaft so as
to vary the voint at which the contact takes place between
the metallic sector and stationary tongue. The brass collar
is’of course nrovided with a set screw. It ig also very
convenient fo provide the fiber disc with a circular scale
and the pendulum shaft with a pointer (index) which nlays
over this scale, so that the angle through which the disc
has been displaced with reference to some arbitrary zero
line on the shaft can be read off. Thig ig extremely conven-
ient for adjusting thé timing.

The pendulum is released by means of a spring catch,
which can always be set at the same point and does not impart
any momentum to the pendulum. The pendulum is caught at the
end of its swing by a second catch, which is arranged to
trip a magter switch, which then cuts off the current through
the electromagnets, and the primary current of the x-ray
transformer.

When the primary current is firgt impresged on the x-ray
transformer the traisient voltages are such that homogeneous
radiation could not be relied upon by simply using flashes
of the primary current so that the tuve was started running
by hand, before the timing pendulum was released. This
avoided the presence of the transient voltages when the ex-
pansion occurred. The admission of the beam of x-rays at
the correct time was controlled by a small lead slit which

moved in front of the collimating tube of the x-ray box.



This slit was in turn controlled by an electromagnet ener-
gized by a commutator on the nendulum axis.

When gamma rays are used, a second auxiliary pendulum
is used. The radium is attached to the bob of thie auxiliary
pendulum, which is actuated by the shaft of the main pendu-
1um’through a rod (of small diameter) which forms a pro-
1ongation of the shaft of the main pendulum. The whole ar-
rangement ig enclcsed by means of a lesd block, 8" on a sgide,

built up of sheets of 1/4" lead bolted together.

TECHNIQUE

A discussion of the technique of the Wilson cloud ex-
_pansion chamber centers around four important points:

(1) The praductién of an accurate expansion ratio (2) An
accurate timing of the evente (3) A clean chamber {(4) Elimin-
ation of diegturbing air currents.

1. T he Expansion Ratio. An accurate duplication of

the expansion ratio is absolutely esgential if consistent
resulte are to be obtained. The exact ratio varies a little
with temperature, speed of descent of the piston, nature
and sge of the gas in the chamber, etc., so that it is best
determined by a few trials before each run.

It hag been found that the expansion ratio must be
adjusted with great accuracy, a variation of one tenth of
a millimeter (where the total drop of the niston 15.9 mm)
in the setting of the piston producing a considerable vari-

ation in the clearness and sharpness of the tracks. Since
the absolute ratio is not of great interest, it is con-



venient merely to dunlicate accurately the setting of the
piston. This can be done by means of a short focus telescone
with a micrometer scale in the eyepiece, the telescove being
rigidly attached to the chamber. The telescope is focused
on gome convenient scratch on the piston, and the correct
setting found by a few trials. For absolute determinations
a cathetometer is empnloyed.

For an accurate adjustment of the height of the »niston,
the pressure below it is regulated by admitting air through
a needle valve. The latter must be carable of very fine
adjustment and must aleo seal perfectly, since a'very small
leak would enable the piston to '"creep" past the correct
getting. Ordinary brass needle valves are entirely satis-
factory for ease and ranidity of adjustment, and also for
air tightness.

In order that the ratio, once accurately determined,
shall stéy constant to a high degree of accuracy, other
factors must also be maintained constant. 1In the first
place the speed of descent of the piston must be kept fairly
constant. This is effected by adjusting the pressure in the
vacuumn chamber approx;mately to the same value, a mercury
manometer being attached +to it for this purpose. In addition
the expancion valve mechanism must function consistently.
Agide from the proper design of the valve, this means that
in our ease, where an electromagnet is used, the current
through the latter also must be kept fairly constant.

It ie evident that any form of leak will interfere with

the accurate setting of the piston and therefore the con-



sigtent operation of the chamber. 1In fact leaks account for
mogt of the troubleg encountered in the operation of the
chamber so that it is worthwhile to consider them in detail.

Leaks may be classified as follows: those between the
chamber and the air outside; thoese between thg chamber and
the space below the viston; and those between the space be-
low the piston and the air outside.

Unless the gas in the chamber is at a pressure greater
than atmospheric, the first kind of leak mentioned above
takes place only from the air outside into the chamber. Such
a leak is detrimentzl for two reasons: first, it changees
the mase of gas in the chamber and, second, it changes the
nature of the gas in the chamber. The latter »oint has to
do with the cleanliness of the gas and will be discussed
separately under that head. The exisgtence of the lesk in
question is easily detected by the fact that the equilibrium
height of the pigton i.e. the height to which it rises when
the gpace below it is onened to the air, continually de-
creases.
| A leak from the sgpace under the pieton into the chamber
may take place either through the piston or around the pis-
ton gasket. The exietence of such a leak is manifested by
the equilibrium height continually increa sing. To avoid a
leak through the piston the latter is coated on the ingide
with aklayer of soft wax, or other material not attacked by
water. If the seal between the piston and niston gasket
is imperfect, then the pressure of the air in the chamber

drives the water (on which we rely for the air zeal) around



the gasket into the space under the vpiston and finally some
of the air leaks directly into the spnace beneath the piston.

Since, however, this procegs reguires appreciable time
it can usuelly be forstalled by letting the piston up again
immediately after an expansion, and the apvaratus has always
been operated in this way. -

For the gaskete various kinds of rubber have been tried.
The gagket, in addition to making the seal, must also abgord
the shock of the piston and mugt do this smoothly. After
trying varioue kinds of rubber it was found that a layer,
1/8" thick, of grey sheet rubber (known commercially as staple
sheet packing) plus a layer of 1/16" pure rubber dam is most
effective. The first takes up the shock, and the second
makes the geal.

The third kind of leak, namely that into or out of the
space below the piston will only affect the height to which
the piston is set. A leak into the chamber usuzlly occurs
through the needle valve and 1is manifesfed by thelpiston
creeping uoward after it has been set, until it has reached
the equilibrium setting. A leak of this kind is usually
easily remedied. A leak into the vacuum chamber is usually
due to an imperfect seal of the gasket on the expansion valve,
and is manifested by the pisgton creerning downward after
setting. Thig lesk also is easily remedied by proper ad-
justment of the expansion valve and its gasket. Unless the
latter ig rigidly attached to the valve cap, the rubber of
the gasket may be held down on the valve Opéning due to the

suction, for this reason it is best to attach the gasket



to the cap by meang of a disc or a ring, or both, so that
the rubber will be drawn ur with the cap. In some cages we
have fastened the rubber gasket on with gealing wax and a
metal disc.

The speed of descent of the pigton ie controlled by the
gize of the opening of the expansion valve, the height to
which the cap ies lifted, the speed of operation of the wvalve,
ratio of volume of vacuum and piston chamber, ratio of
presgures, etc. The descent should not be too violent.

Another reqguirement under the head of the attainment
of an accurate expansion ratio isg that the piston does not
rotate as otherwise the scratch observed through the teles-
cone will pass out of the field of view; In order to obviate
setting the piston for each expansion by means of the needle
valve and telescope, it is desgirable to provide a second
adjustable stop which, once set at the proper point, auto-
matically allows the piston to rise to this point. A stop
which performes both of these functions has been introduced,
but e0 far this has not been entirely »nreactical as far as
the second one is concerned due to the fact that is difficult
to manipulate and that it does not stay in close enough ad=-
justment. We have found it much easier to set the piston
each time with the needle valve and telescone. From the
point of view of automatic deviceg, however, the perfection
of such a stop is extremely desirable.

3. Cleanliness of the Gas in the Chamber. By a "clean®

chamber we shall define one which containg, at the inetant
of expansion, no condensation nuclei except those it is

desired to observe.



The undesirable nuclei can be divided into two classes
(1) those electrical in nature (2) and those not electrical
in nature. |

The first class, which consists of ions left over from
previous expangsions or produced by stray radiation, radio-
active contamination, etc., is easily removed by electrical
vrecinitation. It is only necessary to apply a difference
of notential between the roof and floor of the chamber., For
this purnoge an electrode in the form of a flat ring is
placed on the roof of the expansion chamber and a difference
of potential applied between this ring and the base of the
expansion chamber. The magnitude of thig notential will
vary with the inténsity of the etray ionization and the in-
terval between expansions. If an alpha ray source}is being
examined and expansionsg made in rapid succession a potentiai
difference of 300 volts may be necessary to clear out the
chamber; if, on the other hand, x-rays or gamma rays are
being examined, a few volts usually suffice. This field
of courge mugt be cut off just before the rays to he ob-
served are admitted to the chamber, and this requires not
only that the source of emf. be disconnected from the
chamber, but that the ring electrode actually be grounded
to the chamber.

When high electric fields are used and a bare pnlate
glass roof (i.e. if no gelatin coat is used) the sharpness
and clearnegs of the tracke is extremely sensitive to

changes in electric field. Too low an electric field is not



sufficient to remove the stray ions, While‘too large an
electric field causes the tracks to become fuzzy. The ex~
planation of the latter phenomenon is no doubt that charge
creeps out on the glass roof of the chamber and ie not dis-
charged complétely (due to the high resistance of the gur-
fact of the glass) before the new rays are admitted. With
a clear glass top and x-raye or gamma rays as the source we
. found,as did C.T.R. Wilson, that a gradient of about 4 volts
per cm is sufficient.

With a well conducting‘gelatin coat on the roof of the
chamber much greater potentials can be applied without
appreciable effect. The ideal condition would be to have a
trangparent conducting layer for the roof of the chamber,
and perhaps this is an argument for retaining the gelatin
layer on the roof of the chamber,

However, large fields are not vital, for most ordinary
purpoees the bare glass top and inserted ring electrode will
suffice.‘ The absence of the electric field is quickly mani-
fested by the appearance of bulky "cumulus" clouds in the
chamber. The correct adjustment of the electric field is
absolutely essential to sharp tracks.

The second class of undesirable nuclei, namely thosge
which are uncharged, are not so easily dealt with. No doubt
a large percentage of this second kind is made up of dust
particles. C.T.R. Wileon has shown that water condenses
on the dust varticles before it condenses on the electrical

nuclei, and therefore it is desirable to remove this dust.



It is always found that when fresh air is admitted large
numbers of stray iong, which manifest themselves by clouds
superposed on the tracks after an expansion, ére pregent.
The correct expansion ratio also appears to be extremely
critical under these conditions. This effect diminishes
only with time, although certain factors seem to hasten
the process. - After the air has been aged, the iemaining
nuclei can usually be precipitated by a féw slow expansions
before each run. If these disturbances are due to dust
any agency which will remove the dust should hasten the
vprocess of Ycleaning out."

A very molst gelatin coat on the piston ton is extremely
effective in cleaning out the chamber, no doubt due to its
property of absorbing the dust which falles on it. In one
ingtance where the gelatin coat on the piston top had been
heated until itAbecame fluid and the chamber was then im-
mediatly sealed up, very beautiful clear tracks were ob-
tained within a few hours after sealing up the chamber.

When the correct expansion ratio is exceeded, that is
when an overexpansgion is produced, the nuclei formed seem
to versist for some time, and can onlv be removed by a
number of slow expansions. It is therefore best to avoid
overexpansions, in finding the correct expansion ratio it
is best to approach it from below.

3. Timing of the Events. The third essential in the

operation of the chamber is the accurate timing of the

events, namely: the collapse of the electric field, the



expansion, the admisgsion of the rays, the photographic
exposure.

Of these four intervals the one between(completion
of expansion and admission of the rays requires accurate
adjustment. After the drop vattern has been formed, it
vperasiets for an apnreciable time before gravitation and
air currents interfere, so that the timing of the photo-
graphic exposure is not critical. The electric field should
be reduced to zero just before the rays are admitted, if
charges have crept out on the glass top of the chamber, the
ring electrode should be grounded soon enough to permit.
this charge to leak off.

For the purpose of the timing we have used a single
pendulum which times the various events through electrical
- contacts of a2 multiple commutator mounted on its shaft.

This commutator (1) cuts off the voltage from the ring
electrode and then grounds the latter to the base of the
expansion chamber (2) pnroduces thé expansion by sending
current through an electromagnet which onens the expnansion
valve (3) admits the rays and (4) makes the exposure.

The admission of the rays can be carried out in var-
ious ways depending in the nature of the source i.e. whether
it is an x-ray tube or a quantity ofmdium.

If x-rays are used and flashes are satisfactory for
the purpose in hand, then a pulse can be sent to the primary
of the transformer through the commutator. If quantitative

results are desired i.e. if the voltage applied is to be



accurately known or if direct current is used, then it is
begt to keen the x-ray tube running continuously and adnmit
the rays through a slit in a moveable lead screen con-
trolled by the pendulum.

If gamma rays are used a moving lead screen would be
rather cumbersome. However in this case the source itself
can be moved past a slit in the manner already described.
For this purpose the radium is mounted on the bob of a
small auxiliary penduluﬁ, which is rigidly attached to the
shaft of the main pendulum and swings in sychronism with ift.
The auxiliary pendulum, which need be only a few inches
long, is placed inside a lead block to shield the chamber
from the gamma rays.

4. Vortex Motion. This last point needs only brief

discussion. It is clear that any air currents (vortex motion)
will distort the drop pattern produced and must be avoided.

At the instant the niston moves down the air rushes from

the volune above into the space facated by the piston and

if the cylinder walls are straight and flush with the piston
walls, if no obetacles intervene, and if the niston nmoves
down without any vibration, the sir will be displaced parallel
in the direction of motiah of the piston and come to rest
without any disturbznce. If however, the cylinder walls are
recessed, or if rside tubes are provided, then the air will
rush out of these spaces, and rroduce a violé} turbulent

motion, which interferes gseriously with the tracks. The



chamber walls should therefore be nearly a prolongation of
the cylinder walls, and all side tubes should be avoided.
If a side tube is introduced it should not e#tend into the
chamber, znd, furthermore, be provided with a stooper which
comes flush with the inner wall of the chamber. Obstacles
. Ingide the chamber should also be avoided, since these

have a tendency to deflect the air and set un turbulent
motions.

If obstacles are introduced they should have walls which
are narallel td the direction of motion of the piston and
extend the full height of the chamber. If care is taken,
althaugh it may not be nossible to eliminate the vortex
motion entirely, it can at least be g0 reduced that it does

not reach the tracks until after they have been photographed.

ILLUMINATION AND PHOTOGRAPHY

For visual work a single 500-watt steroptican Mazda
lamp can be uged to illuminate the tracks. Remarkable dif-
ferences in intensityv of the tracks caﬁinoted devending on
the angle at which the tracks are viewed. The tracks anpear
brightest when the observer looks in the direction of the
gource of light but at a small angle to the diﬁ§ction of the
incident bean. |

A small flash light lamn is 2lso renuired to illuminate
the scratch on the piston used to set on.

For photographic work a very intense source is required,

particularly if the photographs are taken in a direction



perpendicular to the illuminating beam. As such, a power-
ful arc light (sgerry‘arc) is used. Regular Sperry cored
carbons carrying 150 amps are found to be necessary to give
an intense enough light.

The arc is provided with a shutter so that the light
can be admitted only at the instant it is needed. Unless
thie is done -extraneous clouds are formed. Whether these
are due to local heating or to ionization or to both, has
not been investigated.

It is desirable also to keep the light off of the
bottom of the chamber. This can done by rendering it parallel
with a cylindrical lens, and also by admitting it through
parallel slits (rectangular apertures.).

With this type of illumination very fast plates are
necessary. For this nurpose Eastman "Speedway" plates
have been found satisfactory, although their grain is quite
coarse. I have used specially matched Tessar lenses (20
Fig. 1), using their full aperture f 4.5. These provided
gufficient depth of focus to cover the whole chamber depth.
An 8 x 10 Graphlex focal plane shuttersimultaneously ex-

posed two plates.

MANIPULATION AND ADJUSTMENT.

An important detail in the manipulation of the chamber
is the prenaration of the gelatin coats. The function of
the opague coat on the floor of the chamber is to catch
the dust, provide a black background, znd presumably also

t0 hold some moisture. I have used the following mixture;



50 cc of hot water, 5 grams of gelatin, 5 cc of a 5%
golution of phenol in alcohol, 0.5 grams of lampblack,
0.2 grams of coppér sulphate or boric acid. The mixture
is poured on while still warm enough to be fluid. It ig
poured through cheerecloth, which removes lumps, bubbles,
etc. In fact the use of the cheesecleoth agsures an abgo-
lutely smooth, clean, and glasgy coat. The piston top
ghould be warmed teforehand.

The transvarent coat for the roof of the chamber is
prepvared by dissolving 5 grams of gelatin in 100 cc of
hot water and adding 5 c¢ of a 5% solution of phenol. Thig
mixture is also poured through cheesecloth, the chamber
(turned bottom side up) being previously carefully leveled
with a gpirit level. It is extremely importent to have the
surface on which the gelatin is poured dry, to assure good
contact everywhere. The coat is made only a few millimeters
thick, and allowed to dry over calcium chloride, a small
lamp being uged to nromote circulation of the air.

The apparatus being assembled with the gelatin coats
in place, water ie poured in through one of the tubeg lead-
ing to the glass gauge, and then the arparatus ié ready for
adjustment.

Unlears measurements are to be carried out at reduced
or increased pressure, the mase 0f gas in the chamber is
adjusted so that on an expansion the ratio of volumes will
be somewhat in excess of 1.3, This ie done by opening one
of the néedle valves and forcing up the pigton until it ie

at the nroper height, and then clesing the valve. (1t may



now be necessary to wait for a few hours until the chember
has become clean enough to carry out the next sten.)

Next a few slow expansions are made to vrecinitate the
dust. If this test shows that the chawmber ig fairly clean,
the final adjustment can be made. Thie consiete in finding
the correct setting of the piston and of the commutator
which .controls the exvansion. For thie purpose it ig best
to use a fairly strong beam of x-rays of gamma rays.

Beginning with settings below that required to give
a ratio of volumes of 1.3 and with the commutator set so
that the rayes enter after the expansion, the piston is
gradually set higher and higher until the setting is'f@und
at which fuzzy tracks begin to appear. This setting is
just short of that which nroduces a general cloud. If a
general cloud has been produced, a number of slow expansions
are made to precipitate the nﬁolei formed. When fuzzy
tracks begin to appear, (it may be necessary to vary the
commutator setting somewhat) then the fine adjustment is
made. This consiets in varying both the piston setting
and the expansion commutatorqsetting until the best combin-
ation is found for sharp tracks. As a2 final adjustment it
may be necessary to vary the field somewhat, especially if
no gelatin is used on the roof of the chamber. It 1s also
necegsgary finally to decrease the intensity of the x-ray
or gamma ray beam until that giving the desired number of
tracks is attained.

If extraneous clouds continue to avpear, either the

air in the chamber has not aged sufficiently or the field



is not working. The pregence or absence of the electric
field and also changes in its value, produce great differences
in the clearness and sharpness of the tracks.

In the foregoing it is of course assumed that no leaks
occur. Leaks nroduce erratic nerformance of the chamber.
The detection and remedy for the leaks have already been
discussed above. After the tracks have been obtained
vigually, the ﬁiming of the photographic apparatus is ad-

justed, and the apnaratus is ready for use.

MEASUREMENT OF THE PLATES.

Measurement of the nlates wag carried out on the
original negatives. The stereoccomparator is shown is fig.
4. It wes machined from brass castings and consgiste of
a heavy bed plate upon which the first carriage elides;
the latter in turn carries the s=econd carriage, and the two
are moved relative to one another by the micrometer screw.
Each carriage supports a cross hair which is stretched
across, horizontally, at such a2 height,és to just clear the
plates, which lie in a suitable support on the bed nlate.
It wes found practicable to have the crose hair clear the
nlates by about 0.5 mm. although this would flucuate some
due to the differences in the thickness of the plates. The
advantage in having the cross hairs as close to the vnlates
as possible was to eliminate narallax.

The arrangement of the apparatus is such that the

direction of the x-ray beam is in the vertical vplane con=-






taining the centere of the two camera lenses. Consequently
commonents of tracks at right angles to this nlane will be
of the same length in each nlate of the nair; this dimension
i=s measured by the slider A which runs over a cross bar
graduated in mm., with vernier reading to O.1 mm., and this
measurement, called the height, is made uvnon the right hand
nlate. Components narallel to the incident beam, called

the width compoments, are meagured by the scale B which is
engraved upon the bottom carriage and ie nrovided with a
vernier on the bed plate reading to 0.1 mm. Comnonente
nerpendicular to the nlane of the photographic plate, called
depth components, are measured by the drum 0, mounted on the
micrometer screw. Turning of this screw alters the distance
between the two croge hairs but, in stereoscopic relief,
avnears to move the single crose hair, seen in the image
space, perpendicular to the vlane of the plates.

In the actual measurement of a track, the plates were
placed in the bed nlate, touching each other, and scale B
read when the left hand cross hair was just over the junction
roint of the two plates; This was to allow the plates to
be put back at any future time and the messurements on any
particuiar vart of the plate repeated at will., Thus no
marking or scratching of the plates was required to reset
fhem at their original positions. The arc light, used for
the illumination, produced a caustic by reflection from the

opnosite side of the chamber from which it entered and this

automatically insured the nlacing of the right side up.



Only those tracks which were entirely separate from all
othersg throughout their entire length, and in which there
wag no doubt as to what was their head (or origin) were
uged in the measuxements;

In a number of cases two nhotoelectron tracks
started at the same ooint, as near as could be told, and
if they were otherwise free from other tracke, both were
ugsed for measurement. There are two general meane of |
dietinguishing the origin from the end of a track, and
usually they could both be uced on a given track. The
first, and more obvious, method was to locate the geometric
path of the x-ray beam by the large concentration of tracks
which started on thie line and then the end of the track
which lay in thie path wae the origin. In nearly all of
the 174 etereosconic nairs taken, the lead slits limited
the x-ray beam to a cross section of about 1.5 by 0.5. mm.
g0 that this gave 2 very sharp line containing most of the
origing. Further, although most photoelectron naths sghow
"a small sphere, or dot, at both ends, of practiczlly the
same appearance, the section of track adjacent to the doit
at the origin is nearly always less dense (showing less
ionization) than the corresnonding section near the end.
This fact often aided in digtinguishing the origins. After
locating the origin of a given track the carriages were
glid over the bed plate, and with resvect to one another
by the screw, until the cross hair appeared to cut through

the origin. Thisg setting, as all others, could be checked



for accuracy by alteinately cloesing each eye and ascertain-
ing if the resveétive crogs hair under the open eye was

set above the corresponding noint in each plafe. However it
was found that after some practice and adjustment of one's
eyes, the setting could be made as accurately with the
stereoscoric vision as by the slower "eye by eye" method.
8cales A and B and drum C were read for thé origin, and simi-
lar readings for a second point chosen on the »ath at the
first bend. Obviously the difference between the correspond-
ing readings were nroportional to the three components of

the path at right éngles to each other. In order to obtain
the actual commonents the instrument was calibrated by
photogravhing two foot rulers, with sharpened metallic edges,
clamped one in back of the other so that the edges, 28
measgured by a traveling microscove, were separated 0.542 cm.
These were placed at a distance in front of the camera equal
to the distance of the x-ray beam. By measuring, on scale B,
the distance between each inch mark on the rulers, the de-
magnification of the photograph was obtained directly and was
found to be 3.52 and furthermore was constant in value across
the entire 10 inches of the chamber's diameter. Likewise by
setting, by stercoscopic vieion on corresponding division
points on each ruler, the divisions on the drum were evaluated
at each inch point across the diameter of the chamber. Each
drum division was ecquivalent to 0.226 mm. in depth and was
consbtant across the diameter of the chamber; after practice,

the settings could always be repeated to within 1.5 divisions.

Thus the depth readings were made to 0.34 mm. and the widin



and height to 0.1 am.

Having now obtained the components of the iaitial part
of the track it is a nerfectly straightforward calculation
to obtain the angle with respect to the x-ray beam.

Before experiments were begun the lead colimating slits
on the box enclosing the x-ray tube, were carefully lined up
with 2 diameter of the chamber. The line connecting the
two camera lenses was in the same vertical plane as this
diameter. This caused the x-ray beam to pass parallel to
the plates and perpendicular to their long side so that the
direction of the incident x-ray beam was parallel to the motion
of the carriages in the gtereocomparator.

The best pnotogranhs to measure were those containing
about eight to ten tracks. Hore than this nunber overlanned
s0 much that the photograph was almost useless, as far as
accurate measurements were concerned. On the 174 pairs of
photogravhs there were measured 434 separate photoelectron
tracks. Of this total 2331 were in argon, 123 in air, and
91 in hydrogen. The intial pregsure in the chamber varied
slightly from day to day but was always between 60 to 85 mm.
of mercury. The exransion ratio was not determired exactly,
as it was chosen so as to give the most digtinct tracks,

but was about 1.3.

RESULTS

The results of measgurements of tracks »roduced in
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hydrogen, air, and érgon under similar conditionsg, by the

¥a line of Mo are shown in figs. 5, 6, and 7. The homo-
genityrof the radiation was obtained by filteiing that vro-
duced by a Mo target Collidge tube through a Zr oxide filter
especially prepared for this purpose by the General Electric
Co. The cross section of the beam was about 1/4 sq. mm.

The abscissa of these curves is the angle between the
initial portion of the B-ray track z2nd the forward direétion
of the x-ray beam. The ordinate gives the number of tracks
found to start out within the chosen angular interval.,

(i.e. From fig. 5 it is seen that 26 tracks in hydrogen
started out making angles of between 60 to 720 with the
forward direction of the x-ray beam.) Practically the same
maximum is obtained if the angular intervals chosen are

10°, 13° 15°, 309, or 45°, but the smaller intervals give
points whose values are too much affected by the statistical
fluctuations and the largerintervals give too few noints to
insure a clear curve. The 12° and 15° intervals chosen

show the effect fairly and}clearly.

The curves show clearly that the most probable direction
of emission ie in a direction at abouf 500 with respect to
the x-ray beam for all three of the gases studied. However
it ia to be remembered that since the absorption coefficient
is provortional to the fourth power of the atomic number
that very probably all of the tracks dealt with in the case
of hydrogen actually arise from heavier gases @ which are

npresent as impurities.






These results égree very closely, as to direction
of emission with those reported by other observers, (see
bibliogranhy) excent in the case of Kirchner\who reports
the most probable angle of emissioﬁ for nhotoelectrons to
be slmost exactly in the nlane of the electric vector.
gince the method of measurement which he uses is not clearly
stated by Kirchner it is difficult to evaluate the accuracy
of his work.

From the present work, in which the measurements on
a given track can be rechecked to within about 40’ and the
work using a Geiger counter by Bothe4, there is little
doubt but that there is a very annreciable forward component

present in the majority of the tracks.
DISCUSSION.

The tendency toward ejection at right angles to the
direction the incident radiation is in accord with the
classical theory which would demand that all of the tracke
gtart initially in the »nlane of the electric vector for
unpolarized rays and in the direction of the electric vector
for polarized rays. Since thig last phenemena has been
observed by Bubb the classical theory would seem to be
satisfactory were it not for the nresence of the forward
component. By allowing the momemtun of the incident radi-
ation in the forward direction to be nassed on to the
electron absorbving the energy, & shift of the peak forward

t0 about 823° becomes theoretically possible. This however

doés not apoear to be guite enough. Further the distribu-



tion of directions on either side of the most nrobable
direction is not accounted for by these concentions.

This distribution may be acuslitatively accounted for Ty
vectorially adding in the random momentun of the electron
in its orbit, as has veen shown by Bothe, but a more gatis-
factory explanation would annear t0 be that recently »ut
forward by E.C.Watson §Phys. Rev. Vol. 239,752, 1927)
which accounts for the sprezd of directions wpon the basisg
of zcattering and leads 1o a distrivution function which
fits the facte better than do any of the more elaborate
theories.

In conclusion I desire to express my warm anpreciation
for the inspiration and guidance given me during the »nro-
gress of thie work by Professor R.A. Millikan; 2nd to
Dr. A.W. 8imon for the help he has given in the design of

the expansion chamber.
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