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ABSTRACT

A new measurement of the momentum disgtribution of high
energy charged coamlc ray particlés at sea level has been
méde by means of a technique involving the use of two cloud
chambers and a large electromagnet. With about twice the
precision of previous determinations, the sgpectrum 1s extended
to a momentﬁm of pc = 80 Bev. For the 1547 measureable sets
of tracks recorded, the positive~negative ratio 1s 1l.26 % 0,06,
Up to the highest momenta measured the differential spectrum
falls off as 1/p® with s = 2 very nearly. The positive ex-
cegs and posltive~-negative ratié appear to be functlons of
momentum with the positives predominating at about l.3 Beve
. In other respects the positive and negative spectra are very
similar.

Although the effect 1s barely outslide statistical ~ un=
certalnty, there seems to be an anomolous dip in the momentum
distribution at about 3 Beve In addition to thisg there seems
to have been a small diurnal variation in the spectrum during
the time the experiments were performed, 1 Bev and 4 Bev
particles being slightly favored during the day and 3 Bev and
7 Bev. partlcles being favored at night? These effects are

discussed and the present results are compared with data pf

other experimentera.
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CHAPTER 1

Introduction

One of the remarkable and striking properties oif the cosge
mic radiation 1s 1ts extraordinarily great penetrating power.
Early experiments scon demonstrated that the most penetrating
component of cosmic rays must consist malnly of charged part=
lcles, mesons and protons, rather than of very energetic pho=
tonse. Usling theoretical expresslions for the energy loss of
these particles in traversing matter, it is posslble to estia=
| mate thelr energies from the results of absorptlion measurements.
Such estimates indicate that the particles have energles up to
1012 ev and vosgsibly higher. If the very large alr showers
are Inltiated by single particles, they furnish evidence of
the exlstence of particles of 101¢ ev of energy or more in
the cosmle rays. Particles emitted by naturally and artie
flcally radiactive materials, by nuclear fission, and from
various types of particle accelerators all have energles less
than several hundreds of Mev so that much of the interest in
the study of cosmlc rays has centered on the discovery of the
mechanism of production of such energetlc particles and on the
nature of interactions between particles that move so fast.

A useful plece of information in these studies 1s the energy
or ﬁomentum dlatribution of the cosmic ray particles. Three
different methods have been used to attempt a measurement of
this distribution for the charged cosmic ray particles.

There have been several unsuccessful attempts to deter=

mine the momentum distribution by measuring the deflectlons

1l



2
of particles which have travelled through a atrong magneb,
uging arrays of gelger counters to observe deflectlon angles.
To date the only result of such experiments has been a deter=
mination of the ratio of the numbers of positlive and negative
particles in certain momentum ranges.

Another method for investligating the momentum digtribu-
tion, or "momentum spectrum", depends on the absorption of
the particles. From a plot of the intensity of radiation as
a function of sbsorber thickness the momentum distribution
of partlcles incident on the top of the sbsorber 1a calculated
by means of the fairly well=-kmown relation between range and
momentum for cosmic ray particles. To carry out this cale
culation it 1s necessary to know the mass, charge, and spin
of the particles concerned because the rate of energy loss
due to lonization, radiation, and palr production depends on
these characterlistics of the particles. It 1s usually assumed
that very nearly all of the charged particles of energy 0.5
Bev or more are mu mesons of mass about 216 electron maases,
charge plus or minus one electronic charge, spin 1/2. Very
few electrons have such a high energy because of the very
great probabllity that they will degrade their energy ln
shower production. More detailed arguments and experimental
evidence to support the above assumption will be given in
what followa,

Absorption measuremsnts of the momentum aspectrum can be
extended to very great energles by using sufficiently thick

absorbers; experiments have been made underground to depths
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of 1400 meters water equlivalent. By one meter of water equlva=
lent of a material we mean simply a thickneass of 100 g/cm®
~according to current usage.

The most direct method of measuring the momentum spectrum
of the cosmic rays, and the one which has given the most de=
talled information in its range of applicability, is the
meagsurement of the curvatures of the tracks of a number of
particles 1n a cloud chamber which ls immersed in a uniform
- magnetlc fleld. Several determinations have been made in
this way up to about 10 Beve Since we shall be interested
here In particles of relativistic energy it is convenient to
speak of the momentum In electron volts or Mev or Bev since
the momentum ls so nearly equal to the energy anyway. Strictly,
we shall wuse p to denote the momentum times the velocity of
light and put it in ev units. Detalled results of the various
magnetlc deflection experiments will be given later. All of
them agree in the gross features of the distribution; a rise
at the low end to a maximum at about 1 Bev and then a falle
ing off roughly as the inverse square of the momentum out to
10 Beve.

The experiment described here is an extenalon of the mag=
netic deflection method to higher momenta and to higher
accuracy in the range already investigated. Two cloud chambers
ere used, onse piaced above and the other below a region of
fairly strong and uniform magnetlc fileld. Straight tracks are

observed and the angular deflection of the particle in tra=



4
| versing the field is obtained from stereographlic plctures which
glve the angle between the tracks. Although the douﬁle cloud
chamber method is more difficult experimentally than the
conventlonal single cloud chamber technique, it has seversal
advantages which seem to make the added trouble wo rthwhile,
One of the most serious limitations on cloud chamber
momentum measurements 1ls distortlion of the tracks by convection
in the chamber gas. Much of this undesired motion is caused
- by temperature gradisents resulting from the heat dissipated by
the electromagnet which provides the magnetic field. Chambers
mounted outside and away from the magnet are easler to ine-
sulate and hence cure thls troublee. Whén the chambera are
out of the magnetic field, the gap can be smaller so that the
required field can be obtained more economically. In this
experiment 1t 1s easy to judge the degree and nature of dige
tortions as well as errors introduced by scattering in the
gas of the cloud chamber since the tracks are expected to be
perfectly straight and deviations from stralghtness are easy
to evaluate objectively. We have lntroduced a new source of
uncertainty, however; scattering in the material separating
the aensitivg volumes of the two chambers. It turns out that
the effect of scattering on the spectrum is not serious as
will be shown by a simple calculation which has been checked
experimentally. A final advantage of the present method is
the ease and accuracy with which the deflection angle can be
measured as compared with the difficult task of measuring

curvatures directly.



CHAPTER II

The Apparatus and Its Operation

The experimeﬁts deseribed here were performed in Room
360 on the third floor of the west wing of The Norman Bridge
Leboratory of Physics in Pasadena at an elevation of about 800
feet above sea level. All of the particles recorded here en=-
teréd the apparatus from a nearly vertical direction after
passing through a roof of dursluminum about two mm thick
whlch conatituted the only solid material above the top
- counter. The magnetic field was oriented nearly north and
south and wasa horlzontale Data lncluded 1ln thls survsey were
recorded between May £7 and September 9, 1949, during which
time the apparatus was operated continuously day and night
- except when repairs and adjustments were necessary. Pictures
were taken at the rate of six or seven an hour during normal
operation. Fig. la shows the arrangement of the chambers
and magnet without the hox used for thermsl insulation. In
Fige 1b the shaft cut through the laboratory roof can be
seen. I1ts upper end is covered with the thin duraluminum
‘sheet., |

The Magnet

The electromagnet used in this experiment was constructed
of 1506 pounds of 3«inch steel boller plate energized by eight
colls of copper wire of about 390 turns each. REach coil has
a reslatance ol about 1 ohm at 20° C and is cooled by water
flowing through 1/8-inch copper tubing soldered to copper
sheets which cover the coils inside and out. It has a gap
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1 1/4 inches long, € inches wide, and 16 inches high. During
_operation the magnet was protected by a current circuit break=
er with selenlum rectifiers to prevent arcing through the ine
sulation when the circuit is broken, a water flow rate awitch,
a water pressure switch, a water thermoswitch, and a bridge
clrcult that turns off the current in the magnet if the voltage
drops 1n the esight coils become seriously unequal. Current
in the range 50 ﬁo 150 amperes was provlided by a motor generatbtor
set with current regulation to sbout 2%. Cooling water flows
through the magnet at the rate of about 0.3 liters/sec and is
heated from 24°C to 27°C when 75 amps at 43 volts are supplied
to the windings.

To callbrate and plot the magnetlc field a flip coll of
30 turns of No. 36 enamelled wire wound on a spool of lucite
0.70 inches in diemeter was used with a new Leeds and North=-
rup wall«type balllstic gelvanometer. The coll was mounfed
80 1t could be flipped quickly through 180° by a spring when
in the gap in the magnet and also inside various standard
golenolds. Several methods were used to calibrate this
measuring device.

In the first method the flip coill was operated at the
center of a large ailr core solencld whose fleld was very acw
curately known from previous callbratlions in the course 6f a
determination of e/m for the electron by the Zeeman effect (1).
Uslng an ammeter calibrated in the electrical standards lab=
oratory to 045% the astanderd solenold was run at about 80

smpered to give callbration points for the flip coll and
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galvanometer in the vicinity of 4 cm deflsction. These
measurements yleld a galvanometer congtant of 601 + 6 gauss/cm.

A second measurement was made by measurling the field of
a magnetron magnet with the test coil and with a fluxmeter pro=
vided with the magnet. From thls determination the constant
13 621 *+ 12 gauss/em in the neilghborhood of 5 cm deflection.
Because of the lnhomogenelty of the magnetic field of this
magnet, thias constant 1s expected to be somewhat high silnce
the fluxmeter coll is smaller than our flip coll,

For the third calibration a Rawson Fluxmeter was ﬁsed
wilith the same magnetron magnet.‘ Deflections near 5 cm ylelded
a constant of 607 % 12 gauss/cnm.

The fourth calibration was carried out using a Hibbert
Magnetlic Flux Standard calibrated in the laboratory of Pro=
feasor S. J. Barnett to about 0.1% using various standard
solenolds. This instrument can be used to introduce a known
number of flux linkages into a circuit by dropping various
standard colls through the magnetostatic fleld of a very sbtable
permanent magnet. Results of this calibratlion give 595 + 10
gauss/em in the range 5 cm to 10 cm and 588 + 10 gauss/cm from
15 em to 20 em, the dilscrepancy being due to non-linearity of
the galvanomester. From all»these calibrations the best cal-
ibration was taken as 590 + (11/15)(20~D) gauss/em where D is
the deflectlon iﬁ cme Although the correctlion for nonelinearity
lg small, 1ts effect might be felt in regions of weaker field.

A plot of the ghape of the fileld showed it to be uniform
to about 0.5% inside the gap,falling ebout 2% at a distance
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1/2 ineh from the boundarles and falling to 1/2 1ts maxlmum
value 1 inch outside the gaps. Hysteresis effects are com=
pletely negligible. As will be shown later, the quantity
characterizing the magnetic field which 1s relevant in this
experiment is the line integral del, taken along a vertilcal
straight line perpendicular to the fleld at the center of the
gap. Thls integral was evaluated by measuring the area under
a full size plot of the magnetic field intensity as measured
~with the fllp coil. All of the tracks reported here were
taken at 75 amperes magnet current which gives a value of
387 x 105 gauss=cm * 2% for the integral described above.
The Cloud Chambers

As shown in PFig., 2a the cloud chambers are clrcular
cylinders with pyrex glass walls 1/4 inch thick and a pyrex
glass front plate 5/8 inch thicke. The gensitive volume 1s
30 cm In diameter and 13 cm deep. An aluminum plston sealed
to the sensitive volume by a 1/16-~inch thick gum rubber
dlaphragm provides the volume expansion by moving through
5/8 inch to give an expansion ratio of about 1.12., The
chambers were filled with argon and the vapor of a mixture of
ethyl alcohol and water to a total pressure of about 8.5
pounds per square inch.‘ It was found that the smalleat ex=
panslon ratio could be used with a mixiure containing 35%.
water by volume, and that the droplets grow somewhat faster
for this combination then for pure ethyl alcohol., Expane
slon 1s achleved by discharging a 23-nfd condenser charged
to 1000 volts through a solenold which actuates & latch
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'.mschanism and'permits the plston to move back under the 95~
pound force of the excess pressure of the chamber gas. Re~
setting 1s accompllished by admitting alr at 20 pounds per
square Ilnch bshlind the plston ‘to force it into the cocked
position in which the latch holds it ready for the next ex=
pansion. Just in front of the pilston is mounted an éluminum
plate in which a large number of holes have been drilled along
the chamber axis to help reduce turbulence 1n the chamber gas
during the expansion. The plate is covered with black chiffon
velvet which serves as a background for photography sand aléo
alds in reducing turbulence. |

An electrostatic sweep field to reduce the number of
free lons in the chamber gas 1s maintained by keeping a
semiconducting aquadag ring palnted on the inside of the
chamber wall at 120 volts positive potential wlth respsct
to the grounded metal frame of the chamber. As soon as the
chamber tripping cycle 1s initliated a 205l-type thyratron
turna off the sweep fleld.

In order to allow successful continuous operation of
the chambers without requlring constant adjustment of the
expansion ratio, 1t was found necessary to alr-condition
the laboratory. The room was maintained at 23.4 = 0.2°C
by means of an evaporative cooler and thermostat arrangement.

Recording TechniQue

Each chamber 1s photographed stereographically to record
the tracks by means of two cameras placed about 140 cm in

front of the chamber, one of which looks along the chamber
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| axla, the other being parallel to the first but dlsplaced 25
cm to the side. 4 6=foot length of l-mil tungsten wire is
atretched vertically the whole length of the spparatus juat
in front of the cloud chamber to provide a reference dire
ectlon with respect to which angles may be measured on the
films. By using the very fast, high contrast, Eastman Kodak
38=-mm Linagraph Panchromatic Recording Negatlve it 1s posalble
to operate the lo-om‘chak Ektar lenses at f/8. Such a amall
- stop opening results in sufficlent depth of fleld to get

sharp lmages of both the tracks and the reference wire just

in front of the chambers. |

To estlmate the magnlitude of distortlons that might be
Introduced by the photographic process due to lens distortions,
optlcal distortion by the front glass plate of the chambers,
change of dimsnsions of emulsion during processing, and so on,
a set of pletures of sheets of graph paper mounted on a plane
surface inglde the chamber were taken with the lenses wilide
open at f/4.5. No curvature or other distortion could be
detected in the reprojected images by methoda of the precision
uged to make measurements on the tracks in this experiment.
For maximum contrast the film was developed for 12 minutes in
Kodak D=19¢ developer at about 72°F.

Since the chambers were llluminated Irom the sides as
gshown in Fig. 1 the light entering the cameras had to be
scattered through 90° by the condensed droplets. It was
necossary to use a very intense light source in order to got

good plctures since the scattering at 90° by small droplets
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is very amalle. A General Electric FT 422 Xenon-flilled flash
‘tube was used with a set of three glass condensing lenses,
each five inches in dlameter gnd having a 5=inch focsal lengthe
The energy for each flash was provided by a 450-mfd bank of
condensgers charged to 2000 volts. A pulse transformer trige
gered the lamps with a 20,000-volt tickle pulse which initiated
the discharge. No shutter was used on the cameras; they were
left constantly.open and the exposure was determined by the
- duration of the flash, which was about 3000 microseconds. The
lights were *tripped by a delay circult whose cycle was in=
itiated by the throwing of the tripping latch on the chambers.
In this way the plcture was taken at any desired time interval
after the expansion. It 1s necessary to walt until the drop=
lets have grown large enough to photograph although the sooner
the plchture isvtakan the smaller wlll be the dlstortlons due
to gas convectlion in the chamber.

Several seconds after the plcture ls taken a pulse of
compressed alr windg the film in the four cameras and advancos
the two frame counters which indicate the plcture number in
the photographs. Fige. 3 shows the four cameras and their
mounting together with the chambers and magnet sssembly.

The Gelger~Muller Counters.

Two Gelger-Muller counters are used in a two=-channel
colncidence circﬁit to trilp the chambers and initiate the
whole cycle of the equipment. The counters are made of 20=
gauge oxygen-free copper tubing 1 1/4 inches in diameter and

about 7 1/2 inches long. Stupakoff glass to covar seals
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support the center wire which 1s l-mll tungsten. The counters
‘are filled with argon to about 8 cm of mercury and petroleum
ether vapor to another 1 cm of mercury. They are operated at
about 1000 volts and have a plateau from 900 volts to 1200
volts. Thelr sensitive length is very nearly 6 inches.

The counters are placed one above the top chamber and the
other below the bottom one 1in such a way that only a particle
passing through the uniform portion of the fleld and the centers
. of the cloud chambers trip the apparatus, except, of course,
for scattered particles and accidental colncidences.

Blectricel Clrcultbs

Although the gelger counters are of the self=-quenching
type they are operated with a mmltivibrator quench circult
which prolongs thelr life somewhat. In other respects the
coinecidence cirecult is of the eonventional.type and has a re-
golving time of about 1 microsecond. The chambers are tripped
when the flring of an OAS gas=filled relay tube permits the
dlscharge of a 23-mfd condenser at 1000 volts through a gsolew=
noid which operates the latch mechanism. At the same time a
2058l1-~type thyratron turns off the sweep field.

As each latch is thrown 1t actuates a microswitch which
cauges a high voltage tickie pulse to fire the flashlamp which
1s malntalned at 2000 volts across 1ts condenser banke. A
multivibrator delay circult provides the 55-millisecond time
required for the droplets to grow before the light is flashed
and the picture taken. The cabinet housing the elsctronilc

controls 1s shown in Fig. 4.
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The following scheme represents the cycle of operations

of the apparatus from the time a particle passes through 1%

to the time 1t 1s ready to record the next such event. HMost

of the times involved have been meaaured falrly closely alw=

though some of the circult times are not so well known.

Tlme

0

3 microssconds

1l mllligsecond

10 milliseconds

55 milllaseconds

3 seconds

10 seconds
25 geconds
35 seconds

3 minutes

gelger tubes record two counts separated
by less than 2 microseconds

OAb's fire and start discharge through
golenoids that trip the cloud chambers,
sweep flelds go off

plungers of trlp solenoids reach the end
of their travel and actuate light and re=
cycling mieroswitches

expansion of chambers complets

lamps flash

compressed air pulse actuates alr plstons
which advance camera fllm and frame number
indicators

aweep flelds turned on

bottom chamber resets

top chamber resets

OAD5 grids reconnected by relay; apparatus
ready for next count



CHAPTER III
Theory of the Method

The purpose of this experiment is to determine the dig=
tribution function, I(p), in particles per unit momentum ine
terval which pass through one square cm in a second per unit
golid angle near the vertical in the natural coamic radiaﬁion
near sea level., We actually measure the counting rate, R(p),
of the apparatus described in particles per second per unit
momentum interval. R(p) i1s related to I(p) by the expression
R(p) = jJ I(p)d0 ds where the integral in dQ 1is taken over
the solid angle accessible to particles passing through a
given ds and the integral in ds 1s taken over the area of the
top gelger counter. The accessible solld angle 1s determined
by the bottom counter and by the bending of the trajectory
due to the magnetic fleld. To calculate 1ta value and evaluate
the above integral, we must consider the nature of the method
uged here to measure the momentum of a particles

Momentum Determination

To an approximation sufflcient for this experiment, the
magnetic field used here can be considered to be a sharply
‘ bounded reglon of uniform field except for its variation in
the vertical direction. Particles which get into the boundary
reglons in the horizontal direction are quickly lost from the
fields, Those few which do get bent back into the field can
be discarded on the baslis of an examination of their full
scale reprojections from thelr positions and directlons in

the chambarse.

14
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‘The equation of motion of a particle carrying & single
positive or negative electronic'charge and moving in a plane

perpendlcular to a magnetic fileld of flux density B is

p=z35x10™B(y) py", v (1)

if y 1s distance in cm measured in the direction in which the
field varies, p 1is the radius of curvature of the path in cm,
B 1s the magnetic induction in gauss, y' and y" are derivatives
wlth respect to x taken in the plane of motion perpendicular
to ¥y, and p 1s the momentum in Mev (we have agreed to use p
for pc throughout). If ds 1s arc length along the path and

¢ 1s the angle between the path and the y axis

p = ds/d@ = dy/(cos¢ da¢ ) (2)

Since p is a constant of the motion we can substitute (2)
into (1) and integrate

‘pz 91

/p cos® d¢ = 3 x 10"4/ B(y)dy (3)
(pl ’jc

3o that

Yz
Pz 3x 10~4¢ /‘jB(y)dy /{gin ¢ =ain @, ) (4)

Hence the momentum of the particle is determined by a vertilcal
line integral of the magnetlc induction and the angles of
entry and exlt at certain points in the field. The integral

13 evaluated from a plot of the magnetic field in the region
between the two chambers including the region of fringinge.

Inside the chambers the field is too weak to cause observable

deflecotions
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If the particle doea not move in a plane perpendicular
to the field thla argument applles to the perpendicular come=
‘ponent. For the counter geometry used here, the total can
differ from the perpendicular component by only 0.02%. Also
the geometry allows the sines to be replaced by their argue
ments to within 1%.
Effective Aperture of the Inatrument

In the absence of a magnetic fleld the solld angle in
which a given point on the top counter will accept particles
depends on the size and position_of the bottom counter onlys
FPor the two counters used here the integrated aperture of
the instrument summed over the top counter 1s 0.0822 e
steradlans. Due to the magnetic field, the particlss move
in curved trajsctories so that the limiting paths are dif=
ferent from those found without the field in such a way that
the effective solld angle of the instrument is reduced. A
simple and straightforward though somewhat tedious calculation
has been made to svaluate the amount.of this effect. 4n oute
line of the calculation has already been given in some dew=
tall (2). At 3 Bev and above the solid angle is within 1%
of the no-field value. Below this momentum one must @ ply
a correction to the observed momentum distribution to obtain
the true distributions At 2.4 Bev one must add 3%, at 1.5
Bev, 10%, at 1.0 Bev, 24%, and at 0.7 Bev, 60% must be added
to the observed distribution. Partlcles of momentum leas

than about 0.3 Bev cannot trlp the apparatuss.
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Determination of Particle Momenta from the Photographs

In a uniform magnetic field a charged particle of conw=
stant speed moves in a helical path, the pltch angle of the
hellx being the angle whose tangent ls the ratioc of the longw
ltudinal to the tranaverse components of the momentum of the
particle with respect to the field. The radius of the cire
cular cylinder containing the helix 1a the radius of the cir-
cular path that would be followed by a particle moving per=
pendicular to the field with a momentum equal to %the trens-
verse momentum of the original particle. In the present ex-
periment we have & very nearly uniform fleld with a small
boundary region. The pitch angles of the helices of motilon
are limited by the counters to be less than about 0.02 radians
and the angular portion of a turn 1s less than 0.4 radians.
Our photographs represent the straight line tangents to these
helicese. We want to determine from them the angles of entry
and exlt of the particle projected onto a plane perpendicular
%o the magnetlic fleld. To do thls we take two photographs of
each chamber, one with a camera looking directly down the axls
of the chamber, the other using a camera parallel to the first,
displaced 25 cm to the side. A detaliled analysis of the
geometrlcal relations needed to caleculate the angles of ine
terest from the measured ones has already been presentéd(z).
We give here onlﬁ the results and some modifiecations derived
in a simllar way.

Let @ be the angle on the film between the image of the

track, and the vertical gulde wilre in the direct view of the
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top chamber and @, the corresponding angle in the slde top
view, Use ¢ and ¢ for the bottom chambers. Call the
horizontal distance from the axis of the central camera to
the track b for the upper and b'! for the lower chamber. L

is the distance from the front nodal polint of the lens to the
track, f, the distance from the rear nodal point to the film,
end d, the separation of the two camera for each chamber. @

and @' are the desired projected angles. Then

b cos @,

9= @~ tau”| T oz e sfmlw,-m,)] (5)

where b 13 taken positive to the right of center in the
chamber and @ is taken positive for tracks going up to the
right as one looks at the chamber from the camers.

Angles are measured by projecting the images of the
tracks onto a flat horizontal screen contalnling a grild of
parallel lines. The secreen 13 rotated about a vertical axils
until the image of the track 1s parallel to the grid and
again until 1t 1s parallel %o the image of the wire. A cir-
cle of one meter radius with center at the axis of rotation
moves with the grid and 1s used to read the angular position
of the grid by means of a linear scale which allows measure-
ment to the nearest tenth 6f a millimeter. The least count
of the angular measuring device 1s thus 0.0001 radians. The
distance b 1s meésured directly in cm on this full size pro=
Jection. Fig. 2b shows the full scale projection arrange=-
ment with the position of the counters and magnet indicated.

Since we are using here a small part of a very nearly
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hellcal path, the tangents considered can be taken to be
coplanar. Under this .aasumption one needs the data from only
three of the cameras to determine the momentum. The pltch
angle of the helix 1s very nearly the angle between the film
plane and a plane ¢ontaining the tracks and having a horizontal
intersection with the film plane. This plane, which is very |
closely the osculating plane of the helix at the midpoint of
the curved section of the trajectory, can be considered to
- be the plane of the path of the particle. If we call this
angle B , equation (5) simplifies to

tan 0 z tan @, =~ 757 tan B (6)

where we take & poasitive 1f the particle moves away from the
cameras as 1t goes downward through the apparatus. When all
four views are avallable, this 3-camera formula can be used
to make certain that the particls has not been scattered, for
then the values of B above and below might be unequal. If
only three views are available, it allows caleulatlon of the
momentum with only those three. Because of the geometry of
the counters and cameras, the stereoscoplc correction term
does not exceed 0.0015 radlans which is less than 15% for
particles of momentum 1esa}than 10 Beve. Only for particles
of higher momentum than thls is it necesaary to use the
stereoscoplc correction. The quantity A 1s glven in terms

of b, @, , and ¢, by the relation

L, 05 ‘pr ,
tan = sin (@~ @) (7)
IB d (X1 (p:. (
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Effects of Scattering on the Momentum Distribution

In addition to the magnetié deflections on which this
experiment 1s based, the charged particles observed will
suffer various amounts of angular devliation due to scattering
by the walls of the cloud chambers and the gas in the space
between the chambers. To evaluate the validity of the results
obtained here, it 1s necessary to make some estlmate of Lhe
effects of the ascattering on the various characteristics of
the distribution we are seeking to determine. We shall be
interested in a change of the general shape of the distribue=
tion, the possible changes in the posgition of the maximunm,
the values of the exponent of the 1/p™ decrease at the high
end, and finally, the modifications in any maxima or minima
or "fine atructure" that might be present.

In order to maks our estimaté we assume all the particles
to be mu mesons and consider coulomb scattering alone, since
the nuclear interactions of the mu meson are very small in
comparison with the coulomb interaction. Arguments in support
of the overwhelming predominance of mu mesons in the high
momentum radiation at sea level will be given later.

Scattering Probability

The relativistic cross=-section for coulomb scattering
of mesons of spin 1/2 1is
. 2 2 2% 2 N 2.-2
PAN Pl |-p s =
, cm*
4 p*p* ( 2 )
13

Siw z
per unit solld angle, where r_ = 2.82 x 10 = cm, m, = 0.5108

o= (8)

Mev, and p 13 In Meve It can be seen that small angles of
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scattering are predominant according to (8) and that for such
angléé the avérage number of times that a particle of momentum
P will Se scattered through an angle © into the interval 4o

ln traversing a plate of scattering material is

2Rd6 ArZroms Nt
Pede=—g3 , k- s (9)

where N 1s the number of scattering centers per cm3 in the

plate, t is its thickness in em, and Z is its atomlc number,
In the present experiment the scatterer was about 2 cm of
glass for which Nt = 1.51 x 10°° em™%,

As was dlscussed above, the present measurements are
concerned with the projections of the angle of deviation on
a plane perpendlcular to the magnetic fields If @ 1s the
projection of the scattering angle ©,onto such a plane, then
the average number of times that a scattering results in a

pro jected scattering angle,cp) in the interval d¢ is

plo)ig= & (10)

In general the net deflection of a particle passing through
the scattering plate will be the result of many small multiple
scatterings with a few larger scatterings. As a result of

the multiple scatterings, the net angle of scattering will

be expected to have a gaussian dlstribution, although the

occasional single and plural large scatterings will cause

some deviation from such a distribution. Williams(3) has
considered this problem in conslderable detall including re=

finements related to electronic screening and the finite silze
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of thé nucieus. He concludes that the resulting dilistributlon
may be very well represented by a broadened gaussian dlstri-
bution which includes all but the largest scattering angles.
The probabllity that a particle of momentum p be scattered

through an angle & into the interval da now becomes

q'&
P (p.e) d“-ﬁ e T°“”‘J¢- 3{55— e FIX dx (17

Putting gs= v/e = 1 and introducing numerical values, we find
k = 3.91/p° when p is in Mev. Putting this value into equation
(11) we find the probability that a particle of momentum p is

scattered through an angle & into the interval d& to be

~(552)
P(ps=) dx= 0.0783p ¢ 7247 da (12)

According to the arguments leading to this result, it is
expected to be valld only for angles smaller than 7.33 4FE?:
14.5/p when p is in Mev. Beyond this value one must use the
inverae cube law of single scattering again although Williams
shows that large angle scattering is much reduced by the finite
slze of the nucleus, an effect that is difficult to calculate
exactly. The net result is to make the tall of the probability
digtribution (12) fall off somewhat more slowly than a pure
gaugslan dlgtrlibution, S8nyder and Scott (4) have glven a de=
talled analysis of this problem starting with rigorous dife
fusion equations and have calculated the function that must
be used to join the multlple gausslan acatberling onto the

region of large single scattering. For a 1 Bev particle which
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penetrates the scatterer in_this experiment, thelr result agrees
with fthe gaussian uéed here to within 1% or so at a scattering
engle of 5° and predicﬁa_about ten times the probability for 10°
scattering as does the gaussian. Very large scattering angles
are rejected by thg counter geometry in thls experiment, however,
and in any event the total probability of a single scattering
through an angle larger than the limiting value 14.5/p is, accord=
ing to the inverse cube law, 0.018, and according to (12),
0.0025., Hence, (12) predicts 0.016 too few large scabiterings
and thls number is reduced by counter geometry and finlte size
of the nucleus and selective elimination of those tracks whoae
poéition and angls 1n the chambers make 1t obvions that scatter=
ing has occurrsd. We are, therefore, safe in assuming fewer
than, say, one particls in & hundred 1s scattéred in a way not
accounted for by (12).

Probabllity of Occurrence of Various Fractional Errors in the

iomentum Due to Scattsring

A particle of momentum p 1s deflected through an angle ©
by the magnetic field in this experiment so that p = 118.1/8
if p 13 in Mev and © 1s in radians. If the particle 1is scattered
through an angle & in additlon, it appears to have a momentum
p's 116.1/(% + 8). We define the fractional error w = (p’-p)é:
-(/0)/(1 +%6); then the probabllity that w be betwesn certain
limits is the same as the probability that /6 be batween the
corfeaponding ones, We can rewrite the above expregsion for
@/ in the form oz =(116s1 w/p)/(1 + W), in which the proba—

bility of this value of & 1ls given by (12). Substituting this
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form for a into P(p,*) gives an expression containing only w
but not p so that the probabllity of obtaining a certain frac-
tlonal error in momentum due to scattering is Independent of p.
To calculate the odds that w lle between certaln limits it is
"easlest to find the values of « corresponding to these limits
and evaluabte the resulting standaerd probabillity integral be-—
tween assymmetrlc limits using tabulated values. Most scattere
ings {35 out of 36) are found to change p by less than 10% of
itself, one out of 600 scatterings change p by more than 15%
and one out of 10,000 more than 20%. The process 1ls slightly
assymmetric so that an apparent decrease in p 1s somewhat more

likely than an apparent increase.
Effect of Scattering on the Momentum Distribution

The differential momentum distribution observed here rises
to a peak at about 1 Bev and then falls off as 1/p" at higher
momenta, where n is expected to lie between 2 and 3., Since
there are many more particles of low momentum one might ex=
pect the scattering %o result in a net diffusion of observed
momenta which would increase fthe number of particles of appar~
ently high momentum which are observed. To estimate the effect

of the scattering on the shape of the distribution we conslder
a distribution that rises linearly from p = O to p = 1 Bev

and falls off ag 1/p° for higher momenta. Since positive and
negative particles are present in roughly equal numbers we let

the distribution be even in p, negative p'a meaning negatively

charged particles. This convention allows us to include in

our analyasls the possibility that a particle be scattered in

such a way as to suffer an apparent change in gign. It will

be more convenlent for calculation to transform this momentum
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distripbution into & distribution of observed angles 80 we take
X = l/b = 8/k as a variable proportional tec the deflectlon
angle. Then since ax = —(1/b2)dp, the number of particles in
the interval dx, y(x)dx, becomes
1%l = 0 to 1, y(x) =mix/2 3ix! = 1 to o0 ,7(x) = 1/]2x°| (13)
When a particle is scattered through an angle &, 1ts new angle
will be VU= © + < and new momeﬁtum p' = 1/z. The probability

of such a scattering can be found from (12) to be

2

—a? ‘_.?_
Plx, 2) = 12 ¢ (-%) d=z (14)

=T X

vhich 1s the probability that a particle of Mangle" x be scat=

tered to an “angle? z in dz. In this expression the quantity,
a, 1lg the ratio of the deflectlon constant of the magnet to
the mean scattering angle of the scatterer and has the value
16 in the units used here. If we start with y(x)dx particles
in the interval dx and these are scattered with the probaw=
bility (14) into dz at z, the number that finally appear in
dz due to the whole distribution in x is

w(z)dz = [/y(x)dx P(x, z’] dz (15)

- oo

which 1s the new distribution in "angle™ resulting from the

scattering of the origlnal one. Our normalization is such

that
/y(x‘)dx - j P(x, z)dz = jw(z)dz -1 (18)

On substituting the expressions(13) and (14) for y(x) and

P(x,z) respectively into (15) we get a gum of integrals that
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can bé re&ueed partly to standard error functions, and partly
to ihfagrals ﬁhich are readlly integrated numerically. When
the numérical evaluation 1s carried out we find the following

results for the M"scattered" distribution:

p Bev x y(x) p! Bev 2z w(z)

O.l 10 1/2000 0.1 10 1/2000 + 1/4%

+25 4 1/128 25 4 1/128 + 1/4%

o5 2 1/16 o5 2 1/16 + 1/4%
1,0 1 1/2 1.0 1 1/2 - 99

2. 0.1 1/20 10, 0.1 1/20 + 0.2%

10. o5 1/4 2. o5 1/4 + 0.3%

100, .01 1/200 100. .01 1/200 + 0.2%

From these results we conclude that the effect of the écat-
tering on our hypotheticai dlstribution 1s to decrease the
sharp peak about 9% with a slight shift to higher momenta,
to increase the number of partlicles betwsen 0.1 and 0.5 Bev
by about 0.3%, and to increase the number between 3 and 100
Bev by about the same percent. Since these changes arse all
well within the error with which the curve is known from the
data, the scattering is completely negligible in its effect
on the gross features of the spectrum, provided that one
can assume that the scattering is only Coulomb acattering
for mu mesons of spin 1/2.

These conclusions result from the very narrow gausslan
digtribution of scattering engles which 1s verified experi-
mentally in what folloﬁs. It 1s found that a hypothetical
peak of reétangular shape placed at 3 Bev in the distribution
and with e width of 1 Bev will be smeared out by the acattsr=
ing to about two~thirds its original height.



CHAPTER IV

Experlmental Errors

In additlon to statistlical uncertainties in the numbers
of particles of varlous momenta detected in the experiment,
the experimental results are affected by distortions in the
optical and photographic processes, distortions due to gas
flow 1in the chambers, error ln measurement of the magnetic
field, modification of the distribution by scattering as dige
cussed above, and serror ln angle messurements. In addition
any assymmetry in the illumination would bias the atatistics
by accepting more particles from onse side of the chambers
than from the other. The reault would be a bad value for the
posltive-negatlive ratio and also an over~emphasis on the low
momentum end of the diastributions To avold these difficultiles
the direction of the magnetic field was reversed every four
hundred pictures (four hundred measureable tracks)e.

Photographlic and optical dilstortions were found to be
completely negligible in comparison with other sources of
error in the experiment by examining photographs of sheets
of graph paper taken with the recording cameras through the
front glass plate as in the actual experiment,

Distortion of the tracks by gas currents in the chembers
and the finite width of the tracks were the factors that most
seriously limited the accuracy of the measurements. By care=-
ful thermal insulation of the magnet and chambers and by re-
ducing the droplet growth time to a minimum for photographe
abllity it was possible to obtain very straight thin tracks

27
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whose directions could be measured to better than 0.001
radians. -DiStortioné due to thermal convection currents would
occasiohally become bad just after an adjustment of the
apparatus due to alr currents set up in the insulating boxesga.
It was possible to eliminate the diatorted tracks from cone-
glderation without biasing the spectrum, however, since one
can uss some objectlve criterion to judge straightness of a
gingle track without knowing the energy of the particle
regponsible for lt. In some cases only a short part of the
track was distorted and then the long straight portion could
be used. It may be that straightness is not a sufficient
condition to guarantee lack of distortion; for example, if
the axisg of & chamber (direction of motion of piston) is not
parallel to the axis of the camera, the apparent angle of
the track willl be altered by the uniform cxpeansion of the
gas. Such an effect could glve rise to a systematic error
favoriﬁg particles of one sigh. Reversing the magnetic field
direction would tend to reduce this effect although calculae
tion of the geometry lnvolved in the present experiment show
this posslible source of error‘to be completely negligible,
Maps of the dlstortions present wilth various arrangements
for insulating the cloud chambers make it seem very unlikely
that a track be rotated by a flow of gas in the chamber withm
out at the same time being bent out of a straight line.

All of these conslderations together with runa of measure=-
ments made on the same date by two independent observers lead

Yo an estimated average error in the measurement of angles of
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something iéss than 0,001 radiane. Actually most of the tracks
of mdmantum léss than 10 Bev were measured only %o 0,002 or
0.003 radianss the high energy tracks being remeasured three
or four times o at least 0,001 radianag.

An experimental estimate of the precision of measurement
as limited by thess various effects was made in the following
'ways All of the tracks yielding momenta greater than 10 Bev
were remessured very carefully four independent times with a
finer grid than was used for the bulk of the measurements.
206 tracks including 107 no~field tracks were so measured.
The varlations among the four values were nearly always less
than 0.0008 radians so that the averages of the four values
are good to probably 0.0005 radlans. Comparing these rew=
measured values with those obtained by the more rapidly done
initial measurement glves an eatimate of the overall errors
of measurement., Of the 206 tracks so treated, 106 gave
positive errors, 100 gave negative errors, and the average
error was 0.0025 radians. The average error was found to be.
almost exactly 0479 times the root mean square error so that

the distribution seems gausslan. Of the 107 no-field tracks
53 were apparently positive, 52 negative, and 2 suffered no
apparent deflection. The average deflection was 0.0155
radlans, the root mean square deflectlon again confirming the
gausaian form of the scéttering distribution. If one assumes
the no=fleld measurements to représent & gausslan scattering
curve for particles of all the same momentum, the breadth

found here corresponds to a momentum of 2.8 Bev whereas the
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average momentum of the measured spectrum for the 1530 parti=
cles.iess than 100 Bev 1s 4.4 Bev and only 15 particles or so
remain apparently above 100 Beva Hence scattering of the
particles 1s found by theoretical estimate and experimental
check to have an inconsiderable effect on the momentum dis-
tribution except that any sharp peaks which might be present
will be smeared cut somewhata.

Figs, (5) and (6) show the probable limits within which
the observed values of momentum lle for a particle of momentum
Da Filg. (5) 1s derived from the standard deviation found
for the coarse measurements and Fig. (6) applles to the atereo=-
scopically remeasured high energy tracks.

Results and Conclusions; Comparison with other Experiments

1547 measureable palrs of photograsphs were taken 1in this
experiment, 127 of them representing particles of momentum
more than 10 Bev. Flge. 7 shows the differential momentum dls=
tribution of the particles of momentum less than 10 Bev, Each
point repregsents the number of particles found in a 0.5 Bevw
interval centered about the momentum plotted as absclssa.
Vertical bars indicate the standard deviations of these numbers
end the horlzontal bars are errors in momentum taken from the
curves of Figs. 5 and 6, The dashed curve followa the raw
datsa; the full curve haé been corrected for the varlation of
the aperture of our 1ns£rumant with momentum. After the core
rection ialapplied it 1a at besgt diffilcult to determine the
position of the mazimum point of the distribubtion since the

instrument ls wveiy strongly blased agalnst particles of low



31

momentum when operated at high magnetic fisld strengths. An
unusual féature of the distributlon is the apparent irregularity
at about 3.5 Bev which 1s shown dotted in Fig. 7. Overlapping
intervals have beon uscd to plot the low end of the spectrum
in order to represent the data in more detall. As a result
only half the points shown at the low end are statlstically
independent. Neverthale‘ss there does geem to be some wpeal
indication of a deviation from the main curve at 3.5 Bev,

Table I contains a summary of the salient features of all
the surveys of the momentum distribution published to date in
which counter=controlled cloud chambers and magnetic fields
were used. We have taken the resolving power to be that value
of the momentum at which the error in determining the momentum
reaches 100%. It can be seen that the experiments varied in
some of the detalls of method as well as in the results. For
comparison we have replotted the results the three of the
previous surveys in which the largest numbers of measurements
were reported. No disagreement outside statistics is found
with the results of the other experimenters except at the low
end where varlous amounts of the soft component were included
due to different geometries. After normalilzation to include
the same number of particles between about 1 Bev and 10 Bev
we find Jones! data seem to agree excellently with the presemt
work, the pointsat 2.5 énd 345 Bev tending to support the
presence of some sort of anomaly in that region. Blackett's
data also lie closely on the curve and reveal some kind of

bump at about 2.5 Bev as reported 1n 1937 which is in a dife
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feren£ position‘from the one we find. Hughes' data lie con=
sistaﬁtly'below our cﬁrve for momenta above 3 Bev and are con=
siStentlj high for lower walues of p, suggesting that perhaps
hls detector waa blased somewhat in favor of the low momentum
particles even though he made mention of a correction similar
to the one we gapplied here., Hils data suggest a dip in the
neighborhood of 3 Bev. In comparing the various sets of data,
one should observe that the resolution of the present experi=
ment ls roughly twlce that of Blackett!'s. The other authors
did not give a detailed error estimate. Our statiatical
accuracy is about 50% better than previous ones. Figs. 8 and
9 show the differential momentum distributions of positive
and negative particles, respectively. Both curves ghow ﬁhe
same general featurss although the statistics are not so good
a8 for the total distributiones

In Pig. 10 13 plotted the distribution of the excess of
positlive over negatlve particles, the full curve representing
the data after correction for magnetic bilasing. There seems
to be a concentration of positive particles around 1.3 Bev
wlth a gradual tailing off toward high momenta. Again the
normalized data of pfevious experiments étre replotted and
verify in a general way the present resulta although the poorer
statlatics and resolving powers of the earller results wash
out the sharp peak to é large extent. In some respects this
pesk in thé 8Xxcess curve ls similar to that obtained by Adams
et al.(13) at-S0,000 feet above sea level, but in that case

it was possible to 1ldentify the low energy portion of the



33
excess as due mocatly to protons. 8ince the peak in the sea=
1evel‘exCess gurve océurs at about twice the energy of the
peak of ﬁhe high=altitude curve, it is no longer possible to
distingulsh protong from mesons by their ionization.density.
At high altitudes the positive and negative apectra were quite
different, the negative spectrum showing practically no peak
at 600 Mev where the poslitive distrlibution peak occura. In
our instance a smaller difference ig found so that a smaller
part of the excess 1s probably due to protons.

Corresponding to the variation of the positive=negative
excess wlth momentum, the ratic of positives to negatives
seems to vary with momentum, having a peak at about l.5 Bev.
In Table II are listed the values of the positive-negative
ratlo computed for 2-Bev intervals centered about the momentum

values tabulated.

TABLE IT
Center of 2-Bev Positlve=-negatlive
Momentum Interval Ratio
1.5 Bev 1.36 x= 0.1
249 le24 * Qal
345 1.15 + Q.1

Actually the apparent variation of the positive=negative
ratio is not qulite outside the statistical variation, but
B. G. Owen and J. G. Wlilson (18) have recently found an ine
dication of simllar behavior with somewhat better statlstics.

We also agree with Brode (19) who finds the ratio 1l.37 % 04
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in a rangé around 1.5 Bev.

The'overallratid of positives to negativeé 13 la26 % 0.06;
the ratio for the 127 particles of momentum greater than 10
Bev 13 1.2 = 0.2, When the positive-negative ratlio is computed
for 1-Bev intervals the peak in the curve appears sharpsr, the
maximum occurring at 1.5 Bev where the ratlio becomes 1.6 =+ 0.15.
At 2 Bev the ratlio has fallen to 1.2 % 0015

Throughout this work we have agsumed most of our particles
to be mu mesons. Electrons are easgily ruled out by the experl=
mental evidence that singly occurring electrons of momentum
above Q.5 Bev are very rare, particularly at sea level. Thils
results from the very large probabllity for shower production
by fast electrons as mentioned above. Since the fact that
nearly all the tracks have about the same lonlzation density.
limits us to singly charged particlea, we next consider protons.
Janossy (14) estimates the fraction of protons among the fast
gea level particles to be less than 109 if all the protons are
aggumed to_be of primary origin, if they loso onergy by ion-
ization only, and 1f one assumes about one particle in 500 a%t
gea level la a slow proton as is indicated by experiment.
When energy loss due to meson production is considered this
estimate becomes 0.1% since meson production energy loss is
100 times lonigzation loss for fast protons according to the
theory of Heitler (15)§ Since, in addition, many slow protons
are known fo regult from nuclear stars, one may conclude that
rfast protons are only maybe 0.0l% or less of all fast particles

at sea level.
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Of course one must conslder the possibility of pi mesons
and bther posslble singly charged particles, but the 100=
times sﬁaller lifetime and the much larger nuclear Grosse
section make 1t secem unlikely that the pi/mu ratio be greater
than 0,01% though it is probably conalderably less in ths
energy range considered here.

Flg. 11 shows the differential momentum distribution
from 10 Bev for all the pariticles. Plots of the positive and
negative particles sgeparately are similar although the
gtatlstics are not very good. Since only 127 particles were
found in thls range, a plot of the positive-negative differ=
ence la statistically meaningless.

In order to compare these results with the theory and
make varlous calculations, i1t is desirable to try to find
some asimple analytlcal representation for the cosmic ray
momentum dlstribution. As shown in Flg. 12 the data are
well fitted by a distribution of the form 1/p° with s =

le8 4 042 from 2.5 to 10 Bev and 3 = 2.1 + 0.3 from 10 Bev

to about 70 Bev. A falrly good fit can also be obtained with
an exponential law, e'kp, but at least three different values
of k are needed to cover the whole range of momenta. Similarly
the integral spectrum can be represented by 1/p™ with n =

le2 T Q42 &s shown 1in Fige. 135 in good agreement with the re=
“sult for the differential spectrum. The upper end of the
integral spectrum is somewhat uncertain due to the uncertainty

in the nnmber'of particles above 100 Bev apparent momenturi.

Flfteen such particles were found and a‘l/p2 law for the
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diffarentiél spectrum when extended to 1nflnite p predicts
twelve particles. Nd significant difference between the ang=
lytical.behaviors of the positive and negative distrlibutions
were found.

In the way of somewhat speculative analysis of the data,
it was possible to divide all the particles into two groups;
thoge that occurred at night and those that came in when the
sun was above the horizon in Pasadena. By chance the running
tines of the apparatus at night and during the day gave nearly
equal numbers of night time and daytime particles.s In Fig. 14
is plotted the momentum distribution of the day particies
minus night particles. Although the statistical accuracy is
poor, there seems to be gome indicatlion of an lrregularity
favoring 1 Bev particles during the day and 3 Bev ones &at
nights. Perheps 1t 13 not an accident that this 3 Bev anomaly
colncides with that of the whole momentum spectrum. Above
10 Bev the same number of particles occurred during the day as
at night. In a recent paper XK. Dwight (18) gives a caleculation
of the diurnal variation 1in primary intensity at the top of
the atmosphere due to the combined magnetic flelds of the
earth and the sun, assuming the sun actually has a permanent
field. A rough extrapolation of his results to latitude 33°
gives the followlng expectation., At Pasadensa no singly
charged particle of moﬁentum legs than 7 Bev can hit the earth
at the ver%ical; at the lstitude of Chicago and Manchester,
England, this minlmum energy becomes 2 or 3 Bev, Above 10

Bev no dlurnal effect is expected at Paéadena, while between
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7 and 10 Bev one expects an effect, the maximum occurring at
different'fimés for different momenta. To calculate how
rapldly the meximum time varies as the momentum is changed
requires conslderable numerical work and, in any event, the
total varlation 1s not expected to exceed 10%. If the curve
drawn roughly in Plg. 14 i3 to be taken at all seriously, it
yields a varlation of about 10%. It must be remembered, howe
ever, that this curve 1ls presumably for meson secondaries,
which makes 1t seem surprising that any effect should survive
at sea. level at all., In any event, it might be worth ine
vestigating further if the theory can give a reasonably secure
predictlion so that the results have a bearing on the existence
of a permanent solar field.

Instead of regarding measurements of the absorption of
cosmic rays under various thicknesses of water and earth as
an alternate method for determining the momentum distribution
at sea level, we may consider these two experiments as inde=-
pendent observations which can be used to study the rate of
energy loss due to lonlzatlon by singly charged particles move
ing faster than the speed for minimum ionization, Rosal (17)
finds satisfactory agreement between previous measurements of
the sea level momentum distribution and the variation of cos=
mic ray' intensity wlih deplh under ground except for one polnt
at about 20 Bev which aéems To indicate too high an energy loss.
When the present results are normalized and compared with Rossi's

curve, 1t is found that lonization losgss 1s not gufficient to

explain the observed absorption. Here one 1s getting into the
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region where radlative colllslions and dlrect palr productblon
becoﬁé important sourées of energy loas. Calculations are
now under way to determine whether these known processes are
aufficient to explain the obaerved absorption resultg, Some
new regults of Hazen (unpublished aa yet) in a deep salt mine

will soon be avallable for comparisone.
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Figure la

Figure 1b
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Figure 2a

Flgure 2b
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