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ABSTRACT

The large magnet and 22" diameter cloud chamber constructed by
Dr. S. H. Neddermeyer and Dr. C. D. Anderson has been used in an
attempt to observe mesotron disintegrations at sea level. Although
-no recognizable disintegrations were observed, useful data concerning
enoergy loss of charged particles in carbon were obtained. '

| It was found that the present theory of emergy loss of electrons

first derived by Bloch aud others 1s in very good agreement with the
experimental results for the energy range 3~25 Mev. 4lso the results
obtained provide good agreement with the theory of knock-on production
by mesotrons for knock-ons whose energies lie in the range of 2-50 Mev,

It is believed that information about knock-ons of gsomewhat
higher energies than this would be quite useful in determining some

of the properties of the megotron,
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I. INRODUCTION

Some time befors the war, Professor C. D. Anderson amd Dr. 8.

H. Neddermeyer constructed a large magnet and vertical Wilson cloud
chamber to be uged for Cosmic Ray Research at sea level. The mechanical
construction on both was completed, but due to the urgency of war work
a0 data were obtained. Gince the war, interest has arisen in mesotren
ingtability and it was thought that bacanse of its size th;la clond
chawber would be ideally suited for studying the disintegration electrons
arising from mesotrens which come to rest in the chamber. Three graphite
plates 1.1 cm. thick, were horigontally placed inside the chamber to
increass the prébabinty of the mesotrons stopping, and 12* of lead

were placed adove to increase the number of low energy particles.

(See Fig. 4 for the experimental arrangement). A discussion of the
probabllities of such events occuring and of the problems involved in
observing this phenomenon appears in the appendix at the end of this
theeig. It 1s sufficlent to say at thie point that although 7,000
photographs wore taken, with an average of about 1 graphite plate
traversed per pliotograph. 80 plcture was obtaimed that could, with

any degree of certalnty, be interpreted as a mesotron which disinte~
greted inpgide the illuminated area of the chamber.

It became apparent, however, after not too many photographs were
studied, that because of the large amount of graphite traversed by the
cosmic ray perticles, an excellent opportunity wae afforded to study
the interaction of these particles with an element of low atomic number.

Since the data from previous research on low 2 elements are rather meager,
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it is the major pﬁrpon of thig thesls to give some of the
statictics found with our cloud chamber. ZThese data will include:

1. Statigtics on the number of secondary electrons arising from
close collisions of the cosmic ray particles with the orbitel
electrons of the carbon atoms and

2. Statistics on the energy lost by socme of thege particles,
samely electrons, in passing through the graphite.

Leon Kate has given & falrly oonpioto.~ description of the magnet

and cloud chamber as it was originally constructed. (1)

I'will
summarize briefly this account and in addition give a more-or~less
detalled description of the significant improvements, made by nyself
and my associates from 1946 until the present time.

The pagpet wae made over from & large Poulsoa Arc trarsformer
domated by the Bavy to Californis Institute of Teckmology. It is
wound with copper coils of sufficient length and cross section to
permit 500 amperes to flow at 120 volts. To dissipate the 60 XW of
power s0 generated, a system was deviged wherely transformer oil was
circulated through the windings, then pumped outside te a heat exchanger
where the heat was transferred to continvously running water. The
temperature of the 0il on a normal operating day (ambient temperature
of 30° C) rose to about 60° C. |

The pole pieceg were of 24% croes section with a 14% gap. bdetween
them were placed the cloud chamber and optical system for photographing
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the tracks. Under these conditicne the flux density was about 5,000
gauss, uniform to approximately Uf withim the illuminated area of the
cloud chamber, which ig 22% in diameter and 2" deep.

It is pertinent to describe more fully the me
- the tracks since :oﬁe of the difficulties in interpreting the data are
dne to this. Fig. 1, ie.a, schematic drawing of the optical aystem. It
can be geen from the d.iagru that becense of the small gap boﬁwun pole
pleces, 1t was necessary to Silt the cemeras about 45° to the perpen=
dicular in order that they might view the entire cloud chamber. The
tracks were illuminated from the side, the light passing through a
cylindrical glass ring which formed the side of the cloud chamber. The
effective distance from the camera lens to the center of the clewmd chamber
1s only about 25%, whereas the chamber itself is 22% in diameter. Thus,
light from tracks in the portion of the chamber farthest from the cameras
would be scattered through a somewhat gmaller angle than 1light from those
glogegt to the cameras. Since the scattering power of the droplets in the
track changes rapidly with scattering angle, it can be seen that -.thefo
will be quite a wariation in the spparent density of tracks in different
parts of the chember, hense in the apparent lonization (see tracks in
Pig. 2), T

Also it can be seem from Fig. 1 that there exists the problem of
goetting a sufficient depth of focus t¢ maintain the entire chamber in
good focus on one negative. This was partially eolved by inclining the
fill.l slightly from the perpendicular to the leng axis, bMut becanse of
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PIG. 2

An electron of 88 Mev. energy enters the bottom plate from
above and loses 52 Mev. (7 times theoretical) in the graphite

This is a good illustration of the change in scattered

plate.
tracks in different portions of the chamber.

1light intensity from
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astigmatism inherént in any lens fm'm_ rays at large angles and because
of the large field of view required by the lens some of the tracks are
slightly out of focus.

. The problem of_expanding the cloud chamber in such a small gap algo
presented some diffic'u.ities. Originally a piston made of 3/8&% Sakelite,
 supported by 3/32% gun rubber sheet glued to the back of the bakelite
(see Fig. 3), was made to move between two stops behind the chamber by
sdddenly' reducing the pregsure behind it. The movement of the piston
allowed the gas in the chamber to expand through a black velvet covering
at the back of the chamber. The velvet sérved. as a dark background for
the tracks and because of its air resistance, as an "expa.ﬁsién equaliger®
for the various parts of the Mber. This method worked well until the
sheet rubber which held the bakelite in place began to pull away from the
bakelite. This would allow local overexpansions to take place in the
neighborhood of small air spaces trapped between rubber a.nd bakelite.

The numerous small droplets tlms created ﬁould' be ferc'edl through vthe
veliret on the compression stroke of the plston causing é. dense cloud to
form on the next expansion. Thig difficulty was eliminated by removing
the bakelite, the sheet rubber itself being used ae the disphragm. It
was feared that contact of the rubber with the froat stop might cause
static chargés to be generated on each expansion forming numerous droplet
‘macleii, so prlor to the expansion the rubber was kept at a position
gomewhere between the stops by carefully controlling the pressure behind
it. This gecmed to work quite satisfactorily, giving distinet "craclm

without much background or fog as long as the expansion ratio was adjusted

properly.
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Since the area of the rubber diaphragm was 6,000 cm.2, only one
mm. pressure differential across the disphragm (80 kg. of force) was
sufficient to force it firmly against elther stop. Heﬁce, when the
diapbragm was somewhere between stops, i.e., ready for an expansion,
the pressure inside the chawber was equal to the pressure applied to
llthe 'baék. within‘ohe nm. Thue, the expansion ratio depended directly
bon thie pressure (the expanded pressure, of course, depended only on
thé position of the back stop). The expansion ratio for an ab»soyl.ute
ethyl alcohol - argon mixture was found to be 1.132 at 3é°0.‘ and it was

found necessary to maintain this within + .15% for distinct tracks.

We have:
Yz = Y_’ﬂ}_ = Pt P V( = expansion ratio
Vi Ro+Pa '
' ?o = atmospheric pressure
A'z A? P, = Pressure above atmospheric
- l

prior to expansion
. Vz ?O ‘. ? | . '

=~ DPressure above atmosgpheric
P2 = arter expansion

Since p; was about 22.% em. it is seen that dpy is about ‘3mn. pressure.
To eontfol the pressure to this accuracy we used a manometer with

off-on contacts which operated a release valve for the air behind the

chamber. Air was pumped in from a "pressure~reserve” tank which wag

maintained at an approximately constant pressure by a standard-type
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redacer valve attached to the Cal. Tech. cempressed.air sapply. The
menometer and tank combination was eble to maintain the pressure to
about 2 mm. when mercury wasused and to less than 1 mm. when CuSO)
solution (density spproximately 1) was used as the manometer liquid.
However, this i;ype of control was very geasitive to temperature

' changes inside the chamber. We have:

J.. = :.__Y};- (p1 is determined soleﬂly by the
‘fz Po + P2 manometer regulator) '

but PatRe=RT

(neglecting the alcohol vapor

A ?2_ i é:[ pressure.)
Pat+ o T
dq_ _-3T
M T

Honce for T = 300°C., 4T must be lees than 1°C. for good tracks
(actually dT turns out to be even less than thie if the change in
alcohol vapor-pressure is included).

Unfortunately the apparatus was housed in a non-insulated,
ron air-conditioned shack and as a result the tehperatnre, wuld change
by 10°C. in a norma:I day's operation. No convenient means was found
to allow for this variation except to monitor the apparatus and at
periodic intervals (the periei depending on the particular time of
day) check the expansion ratio. This was a serious limitation on the

mumber of photographs that could be taken in a day with a limited
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number of operators, This, I believe, was the most serious dia-
advantage of this method of cloud-chamber operation.

Because of the high temperature of thekmagnet and because the
eloud chamber is in good thermal contaet with one pole piece, it was
found necessary to eool the pole face independently of the rest of the
megnet, This was done by allowing tap water to circulate thréggh it,
Alﬁhough this procedure kept the pole face cool, it was not alweys at
the same temperature as thé surrounding air, hence large gradienté
often occurred between front and back of the chamber.

Also, it was found that large gradients would occur vertically
across the chamber due to tempersature differences between floor and
roof of the shack, Often this would be 2 or 3 degrees C. just across
the 2 feet of the cloud chamber. This was reduced to about $°C. by
enclosing the chamber and air gep in & wooden cabin and eirculating the
air inside vigorously with a lerge fan, The cabin also served to prevent
the temperature of the cloud chamber fron changing too tapidlyu At
certain times of day the shack temperature might change as mﬁch as 10°C,
in 1 hour whereas it would take the cloud chember 6 or 7 hours to change
the same amount. Even with these precautions, however, temperature
gradients caused convection eurrents inside the cloud chamber which pro-
duced serious distortions in the tracks. |

The three graphite flates which were placed in the chamber were
roughly 1.1 em, thiek, and had a density of 1.7. Beféfe the plates
were inserted into the cloud cheamber it wes observed that ﬁost of the

distortion of the tracks occurred at the top and bottom of the chamber
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and in a direction which indicated that the motion of the gas
was parallel to the sides of the chamber (i.e., the glass ring).
With the plates inside, the distortion was similar bdut occurring
above and below each plate in opposite directions on the opposite
-gldes of the plate.»v Thus, distortion was made much worse by adding
the plates and in addition it occurred in the most interesting por-
tions of the chamber -- near the plates. The apparent mitﬁde of
the distortion was increased because of the angle of photogr;,phy.'*
tut this was decreased to a certain extent after the photographs
were re-projected (sé.e Section IV).

In order to clear the chamber of ions frem old trscks prior
to an expansion, the top and bottom plates were placed at 250 volts
positive potential. This potential was removed as soon a.‘s the cosmic
ray particle tripped a Geiger éounter coincidence 'circﬁ.itv.. Becanse of
the large volume of the chamber and because of the electrostatic
ghielding effect of the brags Pholey plate® (see Fig.3) the swaép field
was not quite ad.equate.ﬂ It is apparent from Fig.'s 2, 10, and 11 that
there are present many “old" tracks in addition to the counter tripped
ones, This did not present a serious difficulty howsver, becanse it
was eagy to recognize the tracks which were due to particles passing

through immediately prior to expansion (i.e., "counter tripped." tracks) .

* If the camera had been facing in the direction of the gas motion,

0o distortion would have been observed.
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Some evidence of double tracks was noted near the two charged
plates. The positive and negative ions are pulled apart by the sweep
field before the alcohol vapor condenses on them. Since the sweep field
is removed within a millisecond or so, after the counters are tripped,
‘the explanation mist be that charges are left on the front glass plate
.bfor some time after the sweep potential has been removed. Thms, a
residual field remains which may be sufficient to cause ssﬁ:a.ra‘tian.
Conducting glass would have eliminated this effect, but since oniy a
fow of the tracks showed evidence of separation, no offoft was made to
reduce it.

To illuminate the chamber, argon-fillod flash lamps ;reré used.
The lamps were 24" long made of 5/16" quartz tubing with tungsten
electrodes. A brass semi-cylinder covered ti:g back half of each light
over its entire length. When this cylinder was "tickled" with a‘high
| ~ voltage pulse, an 80 )€ condenser charged to 5,000 volts (2.900 .joules)
wes discherged through the lights. They were filled with 20 cm. of
argon after first being outgassed by allowing them to fire ;everal times
and re-evacuating. The lights were found to be quite satisfactory,
giving sufficient 1light intensity to allow the ti'acks to be photographed
with an ¥ 11 stop opening in conjunction with the high sﬁeeakﬂastman
Recording Negative. The light from these lamps was ﬁado into a roughly
parallel beam by five - F 1 lenses, 4} inches in diameter. Because of
the finite dlameter of the lights, and due to the distortion of the beam,
caused by the row of circular lenses (instead of ome cylindrical) the

beam was, to a certain extent, divergent. The chamber ig 3% deep, but
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by masking off 1%, light was prevented from striking the velvet in
spite of this beam divergence.

The cloud chember was expanded only after two counters were
‘tripj;ed in coincidence by an incoming particle. The counters were
argon—petrolena—athef filled, constructed bty Professor H. V. Neh;r.
They were placed 22" aparf. the lowest 2" above the top of the chamber
snd the highest 2" (see Fig. 4). Above these was placed ; pile of
leed blocks 12% high, 24" long and 24 wide (sufficient to cover the
solid angle subtended by the counters). The counters were 10" long
and 1 1/8% in diameter giving a coincidence rate of about 2 per mimute,
Their construction details and operatiﬁg characteristicscan be found
in Ref. 2. A schemetic dlagram of the arrangement of counters, lead

and cloud chamber appears in Fig. 4.

IIT. ELECTRONIC EQUIPMENT
It became spparent very early that in order to make the cloud

chamber prand from Geiger counter coincidences, reliable electronic
circuits were needed. Following is an outline of the "duty cycle"
for a single photegraph: |

1. The cosmic ray particle passes through both G M coﬁnters
and then the élond chamber, producing ion trails in all of them.

2. Because of the multiplicative action of the counters a
large number of\electrons are initially deposited at the anodes
of the counters in a fraction of a ni.crosec:m:ad..(3 )

3. The negative voltage pulses thus produced are then made
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to operate quench circuits which extingulsh the counters and simultaneously
these pulseg are fed into the coincidence circuit.

Y4, The coincidence circuit gives a pulse only when both pulses are
fed into it within a time less than twice the duration of one pulse. The
resultant pulse from the coincidence circuit is fed into a ipulée
‘lengthemer® which increases its dnra,t:.ton to 500 microseconds.

5. The lengthened pulse ig fed into the sweep circﬂt. .which turns
off the sweep field in the chamber, and also to a circuit wh‘ichvmnld
deley the expansion of the chamber, if necessary. This delay was inserted
with the idea of lé,tér using the chamber for counting droplets in tracks.
Dglaying the chamber expansion allows the ions caused by a cosmic ray
particle to diffuse for a calculated time before the alecohol vapor
condenses on them, forming heavy, immobile droplets. The daléy wag not
used for the work described in this thesis. o

6. The delayed pulse is fed into a "light delay" and élso ‘to the
thy_ratron (PG 57) which operates the e:xpanéion valve for the chamber.

The FG 57 is, at the same time, made to 6perate & relsy which starts
the recycling motor. _

7. The light delay circuit delayed the pulse a‘bout 150 milliseconds,
allowing ample time for the droplets to grow around the iens formed in 1.
The delsyed pulse is then put on the grid of an PG 57 which allows .005
coulombs (8.0 ’.\f at 600 volts) to discharge through the primary of a
neon sign transformer. The secondary of the transformer is connected

to the tickler for the lights. At this point it is appropriate to say
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that the smtters of the cameras were left open at é,ll times, since ths
entire chamber, the light system and the camera system are enclosed
in & light-tight cabin (see Section II). Duration of the light pulse
has been measured for similar lights and is of the order of 100 micro=
seconds. _ |

8. 'ﬂxe recycling mechenlsm turns off the firinmg circuits (i.s.,
bthyratrons for lights end chamber), turns the cameras one frame,
operates a mechanical counter, opens and closes a slow expansion valve
and finally shts itself off. One slow expansion was made after each
fast expansion to allow very large droplets to grow on the stray éroplet
mucleii left in the chamber. These were allowed to fall for about 15
seconds which wag sufficiently long to completely clear the chamber.

9. 1t was found necessary to prevent the light and chamber
circuits from bei:qg fired for a period of two or three minutes while
the cloud chamber returned to thermel equilibrium. To do th"is a long
time delay was devised which made use of the grid-to-plate capacita.nce
of a vacuum tubs. A twopf condenser was connected betvvreen” grid and
plate of a 6J5 (amplification factor about 20). Since the equivalent
capacity of this circuit 1s the gain of the tube tines‘tha grid-to~-plate
capacitance the twouf was equivalent to MOpf. With a 10 ﬁegohm
resistor a tine constant of UOO seconds was achieved. This circuit,
after a given time (which was adjustable) then tmed on the tkyratron
circuits and the apparatus was ready for the next plcture.

A block diagram of the principal portions of the electronic
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equipment appears in Fig 5.

The circuits which performed these various operations were developed
ty Mr. E. W. Cowan* and myself during the summer of 1946. It was felt
that becanse in the past 4 or 5 years numerous advances in electronic
circuit desigﬁ had been made, it would be appropriate to abandon the
bonventional Neher-Harper quench circuit, Rossi coincidence circuit, ete.
and design some more-or-less original ones.

1. The Quench circuit (fig 6). This is egsentialiy a mlti-
vibrator circuit with one tube biased to cut-off. The negative pulse
from the counter is capacitatively coupled to the "on® tube. This tube
is then cut-off and the other is turned on, the plate dropping 225 volts
in the timé required to discharge the 500 ’u(f coupling condensger through
the tube. Since the plate resistance of a 6SNT is less then 10,000 ohms,
this time is mchv less than 1 microsecond (C = 10 micro-micro farads
app.). The plate voltage drop extinguiehes the counter. I‘rﬁm the circuit
constents (R = 1 Meg. C = 500 micro-micro farads) it is clesr that the
counter rémains extinguished for about 500 micro-seconds. It takes about
a 25 volt pulse to operate the circuit, a 200 volt fla.f—top pulge with a
very short rise time being sent on to the coincidence circuit. The
Quench cireuit and all other multivibrator circuits used utilize 3 watt
neon lamps across part of one of the plate resistqrs. This indicator
lamp was found extremely useful in ascertaining whethei‘ the various parts

of the electronic equipment were operating properly.

* Mr. Cowan and I worked for several months together on this project
in 1946 and I am greatly indebted to him for all of his inspirational

advice and assigtance, especlally as regards the above cifcuits.
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2. The Coincidence gircuit (Fig.7). The leading edge of the
square-top pulse was differentiated (R = 20,000, C = 50 micro-micro
farads) to a 1 micro-second negative pulse. This was fed invo bne
of three cathode - followers comiected with their cathode load -
resistors in ﬁarallel (only two of these were used in our ﬁrogra.m).

Since grid~to-cathode .capacitance is negligible for a cathode-follower,
the only shunt vimpedance to the pulse is the 4 micro-micro-~farad grid-
to-plate capacitance which is small compared with the 50 micro-micro
farad coupling condenser. Also the output impedance is amall. 1%t is
approximately the reciprocal of the trénscond.uctance or about 300 chms.
Since the output is fed into a cathode follower inverter stage, the pulse
remains essentially undistorted on passing through the coincidence circuit.
The operation of the circuit is as follows: If a single pulse is fed inm,
the cathode voltage drops but little since the other tube effectively
shunts the 10,000 ohm cathode resistor. Thus, even though tiae tube is
cat off, if it originally carried 5 milliamperes, the cé,thode voltage
would only drop 1.5 volt (when the other tube is not pulsed its A.C.
impedance looking into the cathode is about 300 ohms).‘ However, if the
other tube 1s cut off simultaneously a voltage drop of 10.060 x 010

or 100 volte will occur. The grids are biased positively to give
spproximately these values. Bgcause of the fast operation of the

circult the two Mcoincident® pulses mist be within 2 microseconds of

each other to give a pulge larger than 1.5 volts since the resolving
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time depends only on the differentiating gircuit. Although the

power supply is well regulated for low frequency changes in load,

it was thought advisable to decouple the qﬁench circuit from the rest
of fhe circults by a 5,000 ohm .01l micro farad BC decoupler, to prevent
‘high frequency “cro#s talk® between quench circuits and coincidence
circuit. Switches were éfovided with each of the tubes in the
coincidence eircult so that 1, 2, or 3 counters could be made to
operate in coincidence. |

3. The pulse~-lengthener (Pig. 8) In order to operate the other
circults without loss in size, the pulse was first inverted to a positive
pulge, then fed into a cathode~-follower pulse-lengthener. The grid
is biased to cut-off, so that when the gridswings positive the cathode
follows it, even with the 500 micro-micro farad condenser comnected to
it)because of the tube's low impedance. However, when the grid swings
" negative, the cathode no longer follows since the tube is then cut-off,
Thus, the pulse is lengthened according to the RC of the cathode
1mpedan¢e, i.e., about 500 micro-seconds. This pulse is agé.in amplified
to about 100 volts and simultaneously made to operate a small-loud speaker
for aundible perception of coincidences.

The delay circuits for lights and chamber, and also the sweep circuit,
are very similar in design to the quench circuit except that longer time
constants are involved. The sweep circult removes the 270 volts sweep
field for 1 second. The chamber delay is made variable from .01 to 1
gecond and the light deley from .02 to .2 seconds.

Assuming a 2 micro-second interval over which the éoincidence
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eircuit would fire from accidents we can compute the accidental

rates

Na= TN(N, = # dccidentals fsec.

.N‘ - N'). = %A"n"

but Ne= %Aﬂc‘-'-.
(. imd

Ll = A/V"‘ aRyrox

2 )U'a = T Q;L}\z(ilTSh.= 'Zl(gggé‘\\(iJT),-

# cowmcudences e
tely |
= %10 /M;h".}(

N = solid angle (27 ) subtended by one counter

() = so0lid angle subtended by 2 counters in coincidence

area of counters

# particles/solid angle/ cm. 2.

i

\

sum of pulse lengths of two counters.

T
This is less than 1/240 of the coincidence rate.

IV. MEASUREMENT OF TRACKS A single Wilson cloud chamber photo-

graph of the path of a charged particle in a magnetic field enables
one to determine the component of momentum of thg particle only in

the plane of the cloud chamber. This is given by the well-kmown

formla:

He= Tl = LE%C"?P

provided the momentum P is expressed in Mev. the radius of curvature P
in cm. and the field H in gauss (or oersteds). This component represents

very nearly the total momentum for the normal case, ie., where the
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pa.ri';icle passing through the chamber trips GM counters above and below
the chamber. However, in the case of random tracks, or especially, in
the case of knock-on electrons, the other component, i.e., perpendicular
to the plane of the chamber may be quite apprecisble. With stereoscopic
views of the track it is possible to determine this other component quite
accurately. | 2

It was mentioned, above, that in our case, the camera éxas‘ ware‘
inclined at an angle of about 45° with the cloud chamber axis. As &
result, if one examines the photographs, one does not obsérvek cix'?cles.
or even ellipses si#cef the magnification of the camera lens is not
constant for all parts of the picture. In fact, to calculttate. the actual
curve on the photograph one mast consider the mapping of a constani pltch
helix inte a 45° plane, where clemental lengths of the helix are magnified
according to thelr distance from the lens. This would give a very
complicated relation and it would be hopelqss to calculate momenta from
it., The path can be determined much easier by .reprojectilng the pictures.
The method by which this was done in our case was as follows:

Both cameras, with the accompanying mirror systems, were lifted
as a unit from the gap between the pole pieces a.nd get on a table in
front of a large plece of plate glass of dimensions eompafable with those
of the front glass of the chamber. The backs of the éa.meras were removed
and the negatives were illuminated by a projection lamp and condenser
lens system. With the use of the reversibility principle in optics,

(this assumes perfect focussing) one can show that the two images of a



St
point originally in the cloud chamber when re-projected will coincide at
a corresponding point in space. If one were to move a ground glass screen
back and forth until he found the place whefe the two images coincided
he ﬁoulé. then kmow the exact coordinates of the point with respect to
‘the optical system. This is, in essence, what was done. 4 large piece
vof translncent tracing paper was placed over the plate glass; _The glalss
wa"s mounted vertically with face parallel to thfe mirror systém and in
gach a manner that it cculd be moved in a direction perpendicu.lar}to
its face, but mot parallel to it. Waen both images of a track were
projected onto the tracing paper, in general one would see two separate
tracks intersecting at some point. Moving the glass back and forth
would move this point along the tracks. By making a pencil mark on
the paper at several of these points (gemerally 10 - 20 marks per track)
and recording opposite each mark the distance that the glass was moved
from some fixed point, one had a three-dimensional represantaﬂon‘bof' the
track. This could have been done with a great deal mre'accuracy by
usging a fravelling microscope to record X and Y coordinates ‘(1n the
plane of the chamber) and the Z coordinate obtained as above. However,
our method was somewhat more expedient in view of the large number of
tracks measured. The total momentum is easlly obtained from thesé data,
vis: |
H§=yy xi0p
- m Ic-s
?5 V‘,’Tp"z
FZ - ™ Nz

Vl-@‘-
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v
]

Component of momentum in plane of the chamber.

Component along axis of chamber.

o
N
1

2 2
Vi + Vg
¢2

“o
&
]

, : vsa =V + vy2

Thersfore, the momenta are proportioned to the velocities which
in turn are proportional to the distance travelled in their respective
directiong in the same length of time. Hence, by plottigg distance
along the measured circle against distance the glass plate was moved, .
as given by the numbers opposite each point, one obtained )from the

mean slope of this curve the ratio of momenta,

viz:
?1 - A?_ s S\o?e O& cuvtve

A N e~

Ps

P = Fséf ?‘z’-
P Y1 @Y

v. ACCU?.AG! OF DATA In general the tracks were very nice circles

w

when reprojected and plotted in this manrver, most radii“being measurable
to 3 per cent or better. However, the slopes were much less’ac'curate.

being occasionally uncertain by 30%. The maximum value of _%:_ recorded

in our data was l.2, but most values were less tba:; 0.3. This made the
error in momentum, in general, less than that due to radii measurement.
Thus, although there was considerable distortion due to motion of gas along
the cloud chamber axis, this rarely caused much error in the momentum

determination. However, in several ingtances, 'especially for the low



“20=- -
energy knock-one where the angle of emergence from tixe plate ig often
quite large, considerable errors were introduced. '

Some of the errors in curvature measurement are undoubtedly due
%o the method of plotting. After the pencil marks were placed on the
‘tracing paper, circles were fitted to them. Because of the finite size
of the marks and because of errors in estimating the intersection of the
tracks the deviation of each mark from the circle did not élwéys vary in
a uniform manner (as would be produced by distortion) but wei'e more or |
less random. This, I believe, caused at least half of the 3% error
mentioned above. Use of a travelling microscope a.rrangem‘ent may have
eliminated this.

Another possible source of error, especlally in the energy loss
data, ie inhomogeneity in the magnetic field. A plet of the fiel&
intengity as a function of vertical distance from the cenfer of the
chamber appears in Fig. 9. The variation is similar for harizontal
digtances. It is seen that although the field drops off very rapidly
at the edge of the pole face, it is uniform to within 5% of the value
at the center over the region occupled by the cloud chamber (t 24
of mean value). There is in addition to this a 26 variation along
the axig which is not plotted. The value of the field chosen for
the calculations below was the value at the center, since most of the
events recorded occurred somewhere near this. Its absolute value is
believed to be accurate toi 2%. The field varied considerably during

a dey's run due to heating of the copper coils of the magnet. This
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necessitated frequent anmeter readings, but it is believed that the
value of the magnetic field chosen for each picture is well within

the over-all probable error.

When high energy charged particles ‘pass

v.through' matter they lose emergy in any of several ways. These may be
divided into two distinet types:

1. Energy loss by colligion, i.e., by interaction with the
orbital electrons of the atoms in the material traversed.

2. IEnergy loss by radiation, i.e., rapid decelerations of the
charged particie upon collision with a nucleus, cause the particle
particle to radiate a photon. |

The theory of each of these processes will be discussed briefly.

1. Collision Iegs. The theory of collision loss was first
investigated by Bohr(h)usiz;g a classical picture. It was later given
a quantum~mechanical treatment by several‘inve'stigators,(s' 6' 7. & 8)
thé latest of which was by Bhabha in 193&(8) This type éf energy loss
moy also be divided into two groups according to the method of theoretical
treatment. The first, "Energy loss by excitation and ‘ionization" results
from the moment'um imparted to the electrons in the atom when a fast moving
charged particle pesses by at a distance great enough so that the d.irection
of motion of the moving particle is not changed appreciably. Bethe(6) has

glven for the energy loss per centimeter:

JE|  amnets Fe [1, M€ o
:{';’— ae!_ 4 ﬁ(l_@zsrzzz Q
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For energy losses which are not greater than n per collision. In this
equation, ng is the number of electrons per cm.3. To is the classical
electron radiué. Me is the rest energy of the electron,P is the ratio
of the velocity to that of light, and IZ is the "average ionization®
of the,matter~travefsed, I being a numerical constant equal teo about
'13.6ew;¢ Bethe's formule also contains two terms 1nvolving Enler's'V”
function, but these terms can be neglected provided @ 27 /%7 ,-57 « The
formla is valid for any kind of charged particles under the approxima-
tion mentioned.

" The second type 6f collision loss, "loss by glose collision",
arises from strong interaction between the moving particle and the
electrons, resulting in the electrons being ejected from theirvorbit
with a large fraction of the energy of the moving particlé. The
secondary electron so obtalned is frequently spoken of 1n‘thg literature
as the "knock-on electron®. The early method of treatment(h)"was‘to
congider, in the center of mass system, the Rutherford scattering of
the electron from the fast particle. Quantum-Mechanical treatments
considers, in addition, the spin interactions between the two particles
and also the quantum mechaniecal exchange forces. The formmlae given for
the probability of ejecting a secondary of energy between q and q + dq
by a primaiy of energy E, in a distance dx, for 3 kinds of particles is:

1. Electron(5)

X (€, dg dx = e ﬂei‘s__" =

2



(&)

e Positron

| )((c 9) dgdx = »Mhe® e ‘L‘%—z—t[ %+a(%¥-a(%8’+(%ﬂ

3. Mesotron of spin 0(8)

- e'o d J %
X(E‘%\J%J,‘ 20Nh e Me p%{ (l (3 %>

‘where q, is the maximum energy transferred to the electron. We note

that if q4<E all three formula's reduce to:

X(E,%\J%JK = AT hefo Me @ié%;-v

which ig¢ the classical formula given by Bohr.

Integrating this expression we get:

* Tt ig significant that this formmla does not contain the primary

energy., £,1F B~'-
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Adding the two expressions for energy loss we obtain for the
total collision loss per centimeter for collisions with not too large
an energy loss: i.e., E2> q
' z LR & Q’- by !
dE =o.1rneY‘-/“e[Q i’___‘__._-,_‘(s |
d« B * <

E"- Mlcll

For a heavy particle: = T/ M = while, for an
P Mec T tam an ’

electron, we get only half this (i.e., E/2) for the reason that if the
secondary electron had energy greater than this it would be mistaken
for the primary, sincé in the case of the electron the two are indistinguigh-

able.(g)

It can be seen that for@+l, since the logaritbm changes very
slowly, the emergy loss 1s more-or-less constant, :independont of primary
energy.

The range of the particle can be found from the enérgy-lpss curves

by direct integration: ° _ _
e [THs &

= X = 13 ~~ _~_E_'

R S; (] ( /“‘) (dx\,w-

* Integration of the exact collision cross-section for electrons gives:
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2. BRadiation Joss ~The theory of radiation loss of electrons has

(10)

been worked out in detail by Heitler. Phe results obtained are in a

form which is rather involved for purposes of computation. An approximate
formla is:(lo) |
_ L E
R Q
' o
.JE.: 4ol N 2" Yo E Xoq

| -3
provided Me << E << 37 He 2

o

\ | | B +Y a]'
] %_E; L wa N2t Y‘oz’E [,Qm?(ws} ) !
4 noMe2 P e<E

where ol is the fime structure constant and ¥ is the Mber of
atoms per cmo. Since the logarithm is roughly congtant for both cases it
is seen that both formulae give an energy less roughly proportional to
the energy.

Considering both types of losses together, a rough idea of the
relative importance of the two can be obtained in the regién near the

pinimm in the collision loss curves

e

d E Noe
(7; eoll.

(ds\ |
dxlvd. __ ZE fov eleetrong
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For heavy particles this ratio becomes:

(cl E

L)

~ noo
| clEE)' ,
dx leoll.

Thag for electrons of low energy and for nearly all heavy par-

ticles, radiation loss in carbon (Z = 6) is negligible.

VII. SUMMARY OF PREVIOUS RESUIZS The experimental data of previous
investigators with regard to collision loss is rather meager, especially
for elements of low atomic number. Some of the earliest work was done

(11)

by Anderson and Neddermeyer. . They reported that for five’ cases of

energy loss in a 1.5 cm. carbon plate with initial energies between

12 and 34 Mev., the average loss was about 5 Mev. per cm. They alse
presented some kmock-on data. For 587 traversals of the 1.5 cm. carben
plate, 26 secondaries were obgerved with energies‘ lying between 1 and
100 Mev. This agrees with the theoretical formla (ahove) within the
experimental error. N

: 8
(12) Jging the @ rays from Ii which lay in an

Purin and Crane,
energy range of l-6 Mev., obtained an average energy loss of 1.70 Mev,
in 4 em. of carbon which is in very good agreement with that predicted

by theory for this energy range.



1. Energy losg In our cloud chamber we observed 38 traversals
of the graphite piatés for which the moments before andafter entering
the plate could be determined with ka fair degree of accuracy. The
incident energies involved i‘a.nged. from 3 to 25 Mev. In eight cé.ses
‘a single pafticle made more than 1 traversal. (Pig. 10 shows a particle
losing a measurable energy in each of five tré.versals and stopping on
the sixth). In’ all these cases it was possible to measure the éﬁergy
lose to a high degree of accuracy since: ‘ '

A. A large portion of each eircle representing the electron

trajectory (in most cases a complete seni-circlé) was
found within the illuminested region -

B. The tracks were confined within a smeller region of the
cloud chamber, hence the magnetic field would be quite I
homogeneous for all parts of the track. This is, of
course, cheracteristic of all 1oﬁ enérg,y trackg.

All of the data obtained are plotted in Fig. 12. The probable
errors indicated represent only the limits of accuracy set by measure-
ment of the tracks (which neglects inhomegenety in the field.) but this
ig belisved to be the mjor part of the experimental error., The
‘theoretical curves for collision and radiation loss are plotied on the

same graph.

It is at once evident from the graph that the deviation of individual

points from the theeretical 1s, in nearly all cases, much greater than

the probable error. Also it is fairly clear that the deviations are
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greater, the highevr ‘the energy.* These large deviations are inherent
in the theories of the two types of energy loss. It mmst be remembered
that the formulas presented in Section VI represent the average energy
loss only after traversing a given thickness of matter. This average
is the result of a great many interactions with the atoms in thé‘
material tré,vérsed; stafi.stieally the greater the number of interactionsg
of a given kind, the smaller will be the error in the aversage value. 3But
1f all interactions had the same average lost, say ¢, the mumber of
interactions with this loss, is proportional to 1/q, hence, the greater
eaccuracy in the mean is obtained if:

A. Most of the energy losses per interaction are small and-

B. The amount of matter traversed 1s large.

In the case of collision loss, the probability for an energ,} loss
q is proportional to 1/q2. whereas in the case of radiation it is pro-

(13) Tirag, in the case of radiation for va given

portional to 1/q.
thickness of plate, q, the mean energy loss in the plate, can resﬁl’s,
with equal probabllity, from only a few large emergy traﬁsfe:s as from
meny small ones. For collision lose, the possibility of large energy
transfers is much smaller. An argument of this sort 1e§,d.s to the
conclusion that "the straggling due to inelastic collisions ﬁll not
be very la.rgs\...... The straggling is, however, characteristic of the

energy loss by radiation." (Quotation from Heitler p.224)

* 0f course, the probable error in measurement also increases with
energy since the curvatures are smaller and because the percentage
change in curvature is smaller. However, the deviatioms are still much
grester than the probable errors, even at the highest energies measured.
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Thus, in our case, at the low energies, where radiation loss is
small, the only straggling present is that due to collision. This
is still appreciable, but much smaller than at higher energies where
losses over twice the theoretical were observed. In fact, one track
wag observed (Fig. 2) :l.njrhich' an electron of 88 Mev. energy enters
‘the bottom plate from above and onme of 36.1 Mev. leaves below. The
enérg lost is éeve;x times the theoretical sum of collision plus
radiation loss.r even though the mean radiation loss at this energy
is still only half the collision loss. | |
By dividing the 37 experimental points into four groups of
roughly nine in each, the curve was smoothed out considerably (Fig. 13).
The probable errors indicated in Fig. 13 are now probable errors of the

means. That is, they were computed from the formula:

"
P. B. = '67:5 JZ (;(‘- -%)
(=1

It is seen that in each case the deviation from the theoretical

is within the probable error. _

2. [Knockeon data  From 3,884 traversals by cosmic ray particles
of the graphite plates, 164 visible secondaries are ejected, all of them
of negative sign.® Since pairs produced by bremsstrahlen from the

primaries, or secondaries emitted by nuclear disruptions would give rise

* Pig. 13 shows a typical knock-on of 6.5 Mev. energy
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to some positives we conclude that all secondaries observed are knock-
on electrons. Out of this number h} were not used either because of
objectionable distortion, because they left the illuminated region too
soon to give a reliable curvature measurement or because they were just
too faint te,measuro'aceurately. Also, eight more were rejeéted ;becanse
they were from primaries of 300 Mev. or less. The results of the
remaining 113 are tabulated in Tgble 1 and are plotted in Fig. 1 using
overlapping imtervals<

To apply the theory of Section VI to our data requires a little
calculation. We had, for the probability of producing a secondary of
energy between q and q + dq in an element of length of the materiai. dx,
from a primary mesotron of energy E:*

_kdedx T4 -2
X (e g o = S8 [ g

T
Where : K= nTine Ve NQ’

121 Mssm and B <ec Ty

* The primaries, in our case, are nearly all mesotrons since the

12% of lead above the cloud chamber filters out the electrons.



TABLE 1

I A g e
 30-70 9.0 500 .23 .08
25=55 9.0 40.0 30 S L
20-30 8.0 25.0 .80 RIT
15-25 8.0 20.0 .80 NN
10-20 14.0 15.0 1.40 1.24
| g-15 18.0 11.5 2.57 2.5
6-10 14,0 8.0 3.50 413
| B- 8 18.0 6.5 6.00 5.85
Y- 6 | 20.0 5.0 10,00 9.20
3.5~ 5 17.0 4.1 11.35 12.55
-4 14.0 3.5 1400 16.30
 2.5-3.5 18.0 3.0 18.00 20.50
>~ 3 17.0 2¢5 17.00 27.40
1-2.5 8.0 1.6 - 8.00 56.50
o 2 o 1.5 1.0 7.5 -

o- 1 4,0 0.5 4,00 -
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4y can be written:

_ 2 e @

= -e*

=

Thms, the probability becomes:

It ig seen that for E = 300 Mev. and for q as low as 10 Mev.
the second term is ~ 5/8 and hence cannot be neglected. Thig ig
unfortunate since it involves a knowledge of the primary energy
spectrum under the 30 cm. of Lead ( +4.0 cm. of stesl support). This
spectrum has been calculated in the appendix; (Fig. 15) call this

distribution function P (E). The probability now becomes

& [
X(%w%d" = Efl_%_if 'P(E){h %‘:e EL{‘%(:&\ dE

E’Eu.(&)

Where B, (q) is the minimum energy that will give a knockeon of
the value g, or it is equal to 300 Mev. if thig velue lies below 300.
Since E > 300 Mev. P 2 can be taken as 1 (with a maximm of 6% error).
To save labor in calculation, we have taken E, (q) = 300 Mev. for

all q's. This 1s exact for q €15 Mev. Thas, to a first approximation,

* See footnote on previous page concerning the expregsion in brackets.



" X (4) dq,9% = \<{“'—2§ -G’ ‘%l

| >
here S (\)(E)de =
" 300 y

K]
(&) Mc
and G=S T I Me E+McKAE

yoo

The integral defining G has been evaluated numerically, whence
G = 8.07 )l163 + The knocb-ons may be produced at any distance, "x",
below the upper surface of the graphite plate. To get the distribution

of energies q' below the plate, we integrate the above expression

obtaining:

p(g) = I, X(a@Me

| o )SQQKB
where:'%(k)- R(K)‘S ﬁdx %(x

‘%a.f='yeﬁhh@“@ﬁ

since

W fhus et .
Q « G ro' %.J__-I({&

PlgIs = s'.‘ch %’*3"
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#ultiplying P(q') by the number of traversals (in our case
3,88l x %%é - 2,680) gives the total number of secondaries expected
below the graphite plates. The correction’term due to G is small except
at the higher energies where the experimenyal error is large anyway. Both
carves are plotted with the data in Fig. 14 (uncorrected curve dotted).
It is seen,'thax except éx the very low energies the sgreement is
fairly good. The drop at the low end is to be expected because:
1. Meny more of the ‘lhow energy knock-ons are migsed
when viewing the photographs, since they occupy such
a small area on the photograph. ; 1 Mef. slectron has
a radins of curvature of only 1 cm. in our chamber.
2. The angle betwsen primary and the low energy secondary
is large, hence many of the low en;rgy knock-ons never
reach the illuminated region ﬁelow the plate.
3 Scattering of low energy secondaries is large, hence
they lose more energy on the average than the simpié
theory predicts due to the greater path length in the
graphite.
IX. CONCLUSIONS The loss of emergy in graphite plates, even though
statistical fluctuations are great, geems to agree very walllwith that
predicted by\preéent theories. The range of energy over which this
agreement holds has been extended up to 25 Mev. by the work presented

in this thesis.
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Further extension will be difficult since!

1. The changes in curvaﬁure become much smaller at

higher energies. Thicker plates would help this.

2. ﬁadiation'loss becomes quite large and as a rasulﬁ

it is difficult to isolate it from the collision loss.

The knock-on spectrum follows quite well. the 1nverseAsquére
law as anticipated by simple theory. It has been fostulased from the
frequency of burst excitation by mesotrons(lu) that the spectrum should
follow an inverse first power law. Unfortunately our data does not
glve any information concerning burst excitatiom, because the limit
of knock-on energies measured is only about 50 Mev. whereas the
portion of the spectrum which is responsible for the bursts 1s‘at
a mich higher energy. More data on the high energy speétrhm would
“certainly be desirable for this reason. It wagld also be quife
valuable in determining the spin of the mesotron since, at higher

energies, the spectrum is spin dependent.(s)
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APPENDI

The probability of a mesotron stopping in the chamber depends
very critically on the sea~level energy spectrum. Anderson and
Neddermeyer, Blackett, LePrince~-Rulguet, Hughes and Jones(n'ls'ls’ 17, 18)
and others have determined this under various conditions. A4ll spectra
‘agree pretty well in form, tut differ somewhat in the location of the
ma,ximum The most recent work, by Eughos and Jones, using‘660_ tracks
of particles filtered through 10 cm. of lead 1s represented in Pig. 15.
Although a smooth curve is plotted, it must be kept in mind that
fluctuations, especially at the low end of the spvectrum are great.

From a knowledge of this energy spectrum and of the range-snergy
relation for mesotrons in lead, one can calculate the percentage of the
nesotrons that stop in the cloud chamber. We wish to know how many
mesotrons that pass through ¥x¥ gm./cm.2 of lead will stop in an

additional "dx* gm. /cm.2 of graphite. We have

R = R(E) = Range of the primary whose
energy is E.

dR= 2R Jg =dx
E

%—B; we get dE and from this we find, using
the energy spectnm, the fraction of mesotrons lying in the interval

Hence, if we know

dg., But _Q_R_E = (“1‘5 which is Just the value glven by the formula in
p) .

Section VI (taken at the energy corresponding to "x"). 1In our case

x = 260 gm./em.2. (Although the amount we actually used was 374 gm. [em. 2
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Hugheg! curve is under 114 gm. /cm.z.) Therefore, pc = 445 Mev.
Prom the graph in Fig 15, we find that at this momentum, .018% of
all particles lie in a 1 Mev. range. Thus, for the 2 gm./cm.2

(1.1 cm. graphite plate) used in the chamber we get:

- -3
AIN= 1.3 xio f xaxa.-0 = 2& Ar0

That is, one out of every 1,400 particles which traverse any of the

graphite plates should stop.

In a similar manimr one can actually calculate the energy spectrum

below the lead plate. If we denote the numbe? of mesotrons above the

plate of energy between E, and E, + 4B, by N, and below the plate of

energy E by N, we have:

N(E)({E = /\/(Eo)c‘fo
or N = N° 'Ci—E‘

dEo
o W MG ey

where i" is the rate of energy lost at the energy E, (roughly constant)

dE ’ _
and -fg—- at the energy E. TFor large E, o is also roughly constant and

equal to dE, hence.- the shape of the curve is unchanged, btut the whole

curve is moved to the left, a distance determined by the mass of lead
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used (in our case the distance moved is 300 Mev.). This places the peak
in the energy spectrum down in the low energy region in which we are
interested. The actual spectrum obtained is plotted in Fig. 15 and the
low energy end of the spectrum replotted in Fig. 16.

Now a 17.5 Mev. megotron of mass 200 will stop in 2 gm./c-m.z‘of
,graphite. Tms, integrating the curve from zero to 17.5 Mev. gives the
total number stopping in a 1.1 cm. graphite pléte. A rough mQrical
integration gave I'%UU stopping (checking the above value, of course).
However, this curve,gives gome additional information sbout the percentage
of particla‘s. that should stop which lie in the very low energy region.
Although the magnetic field (Fig. 9) drops off very rapidly just outside
the cloud chamber, some of the low energy pafticles that trip the counters
will be deflected away. As a crude approximation one can say that the
' averége curvature of a charg;d particle between counters is about 1/5 of
that in the chamber. If we assumed all particles to be cut out when their
average radii of curvature between the counters were less than 50 cm. (the
distance between counters) ome gets f = 10 cm. or about 1 Mev. as the
lower limit of energy in the cloud chamber. From the curve it is plain
that only a small percentage of those which would have stopped should be
cat out. »

The work of Rossl, Sgnds and Sard(ls) gives additional information
about the number stopping. They report, from counter measurements, that
one out of every 2,000 mesotrons which pass through 10 cm. of lead, stops
in an additional gram per square centimeter of a light element. This is

slightly more than that calculated above for 32 cm. of lead, but
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both values are subject to consia.erabla uncertainty. They also report
that with no filter only one in 15,000 stops in a g:.qur, sqv:aio
centimeter. Thus, 10 cm. of lead seems to increase the number stopping
by & factor of seven. 32 cm. increased it by roughly the sam@amu_ﬁt.
| Sumngrizing.. we _find that in 7,000 pictures with an avprage ef 1
traversal per picture, we should have found shout seven stopping. Ve
believe this estimate 1s uncertain by a factor of 2, since this is
about the uncertalnty in the varicus data presented. Thig vaine shonld
be reduced appreciably because, although there is an average of one
traversal of any plate per picture. most of the low energyi.mesotrons
will only pass through the first plate before being deflected out by
the magnetic field. A maximum correction due to this factor would be
3, but is probably less than 2. Thus, the number of mosotrons ‘that
should have stopped is not less than 1.2 and is probably about 3.5.
Of these, all should have disintegrated because of the low at»omic‘m‘ber
of carbon.(zo) |

However, even though a mesotron dlsintegrates it may be migtaken
for another event. For example, if the disintegration electron appears
below the plate and the entering mesotron above, and there is no
noticeable change in ionization, the event might be mistaken for an
electron with an anomalous scattering. In fact, Fig. 2 could be inter—-
pre’;ed as a mesotron of energy 7.5 Mev. entering from below and an
electron of 88 Mev. emerging above, the secondary making an angle of

about 10 degrees with the primary. In this the ionization density
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however, would be 4.5 times the mimumum and should be quite noticeable.*
‘Similarly Pig. 10 could be interpreted as a low energy particle entering
the bottom plate from above at the left of the picture and an electron
of 28 Mev. leaving below. However, the low energy track does not appear
to be ionized heavily enough for the apparent scattering and hence is
quite likely an old track which is digtorted, not ggatt’cred,rand;is
p_robai:ly not related ‘to the 28 Mev. track. There were still other
pictures that could have been interpreted as meéotrons stopping. The
secondaries produced by them ranged in emergy from about 15 té 30 Mev,

If the disintegration electron wers emitted upwards from the plate
and the mesotron entered from above, there would be no possibility of
interpreting it as a scattered electron. The only other possibility is
that it might be an electron pair, but the probability of a pair
travelling upward is small. No such tracks were observed, however, even
though one would expect 2 on the basis of the above caléulé,tions.

Several heavily ionizing tracks were obs_erjred.. at least t%o of then
mesoirons, but none gave rise to secondary elecfrons. The two slow
mesotrons left the field of view before stopping. One cage of a heavily
ionlizing particle was observed entering a plate from below with a
lightly idnizing particle‘above moving in a direction about 10 degrees
with that of the lower particle. This, however, could have been a
mesotron entering from above, belng slowed down and scattered in the

plate. l'rhe energy lost was a factor of two too large for a mass 200

* The arguments as to probability do not apply here, since the particle,

if a slow mesotron, does not pass through the lead.
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mesotron, but the distortion was almost great emough to give this
large an error (enly a emall portion of the uppez; track was vigible).
If a disintegration electron, its energy waé 17 Mev.

-!he conclusions drawn from considerations smch as these are:

1. Some of the mesotrons may have stopped, but nﬁne that were
'recognizable with any deéoe of certainty. | |

2. Since mesotron disintegrations are apparently quite rare
phenomens, in a fature expei-iment. an effort skhould be made to pho‘to—
graph only those events which are likely to be mesotron disintegrations.
This might be done by using coincidence counters where one counter is
delayed an amount equal to the mean life of the mesotron, i.e., tripped
only by the disintegration electron. It could also be done with an
| anticoincidence counter to ellminate photographs of tracks passing
through the entire cloud chamber. |

3.‘ _In a future experiment, emphasig should be placed oﬁ eliﬁinating
distortion, and on using better photographic methods to emable an
observer to easily distinguish heavily lonizing tracks. (see Section II)

4., The possibility of low energy particles -ﬁeing magnetically
deflected oﬁt of the chamber should be minimized. A counter inside the
chamber should do this. It should also increase greatly the solid angle
sabtended by the counters, thus increasing the coincldence rate. A deeper

cloud chamber would also produce this effect.
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