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Absgtract.

A gtudy of about 10,000 photographs of cosmic ray elesctron
tracks, taken by means of the counter econtrolled eloud chamber
-magnet apparatus, has been made with the purpose of observing the
interaction of these high energy perticles with atomie nueclei and
their extermal electrons. Four main types of interasction are known
to occur, viz., (1) Ionization and exeitation of atoms. (2) Large
energy transfers to extraenuclear electrons. (3) Produetion of
pogitron-negatron pairs. {4) Radiation, presumebly in nueclesar
encounters, Data obtained in the present investigation supply a
means for making independent qualitative estimetes of the contribut-
{ons made by each of the above four processes to the energy lost
ver cm, in lead by cosmic ray electrons. I¢ is found that the loss
by ionization and production of high energy negatron secondaries,
as well as the distribution in energy emong these secondaries, are
in rough agreement with existing theory, except that the ionization
does not apparently increase with energy as the theory requires.

166 direct measursments of the loss of enerzy in a 0,35 em. lead
plate, undergone by electrons in the energy range below 150 mev,

show that these losses are subjeet to very large fluctuations which
must necesserily be attributed Ho radiation of high energy photons,

and that these radiative losses constitute the major part of the
enerzy loss in lead., The mean %otal loss per em. for a group of
electrons with a mean initial energy of 28 mev, turns out to be aboub
51 meve, and 90 mov. for a group with a msan initial energy of 124 mev,
A comparison hetween these values and those compubted theoretiecally

by Boethe end Heitler, viz. 80 mev./em. and 230 mev./em. respectively,
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indicates at least a qualitative agreement between theory amnd experi-
ment in the low energy range, but a complete breakdown of theory in

the range above a hundred mev.

Introduction and Experimental Procedure.

A discussion of the processes involved in the absorption of
cosmie rey electrons has been given at the London Conference (1934)
by C.D. Anderson and the Q&iterl. This paper contains & review of
some of the results presented there, and the results of some further
investigations which have been made jointly by Anderson and the writer,
The new data consist of a set of about 10,000 photographs (about 7500
of which showed tracks), taken with the counter-controlled cloud
chamber apparatus which was designed in its original form by Anderson
and Millikan, and later adapted to counter control by Anderson with
the assistance of Pickering and the writer. All of these new data
were taken with a lead plate 0.35 em. thick placed horizontally
across the middle of the chamber, and with the megnetic field set
at 4800 gauss, a value adequate to permit energy measurements to an
accuracy of about 10 perecent in the range below 50 mev. by the method
of fitting ruled circles to track photographs while they are projected
on a sereen, and adequate to estimate energies to within 30 percent

by the saeme method, up to about 200 mev. (mev. means million e-volts).

Four main types of interaction involving losses of energy

are known to ocecur between high energy electrons (E > 2mca) and the

matter they pass through, namely: (1) Exeitation and ionization



of atoms; (2) Transfers, by close encounters, of large amounts
of energy to atamic electrons; (3) Produection, in nueclear encounters,
of positron-negatron pairs; (4) Radiation, presumably in nueclear
encounters. The present set of data, containing 4577 traversals
of electrons (with energies > 200 mev.) through the 0.35 cm. lead
plate, from which the incident particles occasionally ejeet second-
aries, and 166 traversals (actually, 48 of these were apparently
stopped by the Pb; see Seection IV) of eleectrons with énergies
below 150 mev., whose losses of energy could be measured directly,
permit independent estimates of the contributions to energy loss
made by 1, 2, 3, above, and a determination of the total mean energy
loss per cm. in Pb in the energy range below 150 mev., which then
permits an estimate of the contribution made by (4). A discussion
of the experimental data in relation to the above four processes fol-

lows in order.
I, Excitation and Ionization.

When a rapidly moving charge passes close to an atom there
is a certain probability that some energy will be transferred.
This probability is zero for a transfer less than the lowest
excitation potential of the atom; 1t becomes very high, depending
upon the distance of closest approach to the atom, for tramnsfers
just sufficient to execite, or just sufficient to ionize the atom
by removal of an electron. The probability then dies off rapidly,
and for transfers whose magnitudes are two or three times the mean ion-
ization potential of the atom, is very small, depending only on the
closeness of approach to the individual atomic electrons. The

energy loss per cm. due to atomic collisions can thus be divided
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with considerable sharpness into two parts: (1) Transfers which

either execite the atom or ionize it, leaving the removed eleectron

with an excess kinetie¢ energy which, on the average, is not greater
in order of megnitude than the mean ionization potential of the
atom; (2) Transfers large compared to the mean ionization potential,
in which the atomic elsctrons behave as if they were free, The
amount contributed to energy loss in the transition region between
(1) and (2) should be small compared to both (1) and (2). It is

a process of the type (1) to which we shall refer loosely as
ionization, or inelastic collisions; and a process of the type

(2) as the formation of negatron secondaries, or simply elastic
collisions. Both of these processes have been experimentally
investigated by Williams and othergz, with both fast and slow

beta-rays.

The number of ion (-pairs) per centimeter formed by direct
action on atoms by the moving charge is generally referred to
as primary specifiec ionization. Some of the primary negative ions
(electrons) will have sufficient energy to form additional ions
by collisions with atoms, and the totality of such secondary
ions plus the primary ones will be referred to as total (speeific)
ionization. The primary ionization of high energy electrons may
be observed directly on very sharp cloud tracks which have been
formed before the ions have had time to diffuse away from the

axis of the track. ZEach primary ion then appears as a single

drop, or a very small unresolved cluster of drops. Total ioniz-

ation may be observed on cloud tracks which have been formed after

( in standard air, about + sec. ) the ions have diffused away

from the axis.
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There are two principel methods for estimating the contribution
to specific energy loss which is made by ionization along cosmic ray
electron tracks. The first consists in counting the total number of
drops formed per ecm. along a diffuse cloud track. A knowledge of the
average energy expended per ion then ensbles one to estimate the energy
loss per em. A determination of the energy expended ver iom (-pair)
has been made by Eisl5 for cathode rays with energies from 10 to 60 ekv.,
and he found that in this range of energy and in stendard air, the total
initial energy divided by the total number of ions produced was constant
and equal to 32,2 volts per ion. Anderson and the writer have made
counts of the total number of ions produced per em. along diffuse tracks
of cosmie ray electrons with energies in the range above about 30 mev,
(See fig. 1) and have found a lower limit of 31 ion-pairs per cm.,
which apparently does not depend on the energy of the particle in the
range considered, A determination of the actual number is subject to
rather wide uncertainties because of the difficulty of counting the
numbers of dBops occurring in clusters due probably to fluetuations in
the primary ionization. These clusters may add something like 50 percent
to the above counts, and if we assume that Eisl's value of the mean
energy loss per ion for cathode rays can be applied to electroms in this
energy range (an enormous extrapolation, but one which has some theor-
etical justification, at least for approximation purposes) then we find
as an estimate of the energy loss by ionization and execitation, 45x 32,2
~ 1500 #ev./em. in standard air, From this we can make a pseudo

-experimental estimate of the energy loss by ( corstin, /;.g>,
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ionization in other heavier substances if we multiply by the ratio

of the number of electrons per czm.:5 in the heavier substance to the
number in air, and also by a theoreticel factor, which is slightly

less than unity, to take account of the tighter binding of the electrons
in the heavier substance. In lead this factor is 0.87 for a 50 mev.
electron, and 0,91 at 1000 mev. This leads tc an estimate of 9 mev/cm.

for the ionization energy loss in lead.

A second more direect method of determining the ionization
loss in lead (appliesble when the energy < 50 mev.) is to make use
of direct measurements of the energy loss in lead plates. It has
been shown by Anderson and the writer that the total loss in lead
is subjeet to large fluetuations due mainly to radiation losses
(See Seec. IV), and partly to the ocecasional formstion of high energy
secondaries. The loss by ionization is however, a consequence of
a very large number of collisions per centimeter, each collision
contributing a small fraction of the total loss in a plate of the order
of a millimeter or greater in thickmess, and should therefore be a
fairly definite qugntity, not fluctuating widely from its mean
value, If then, we observe a large number of individual cases of
energy loss, the distribution of these observations, when plotted
against energy loss per em. should have an abrupt drop on the side
of low losses, the ecut-off region indicating approximstely the mag-
nitude of the ionization loss. Elastie collisions should produce
on the average, in 0.35 em. of lead, about 200 secondaries in the

range from 1000 ev. to 10,000 ev. whiech contribute 1.5 mev./em., to the

meen specifie energy loss (It is necessary here to antieipate some
theoretical results given in Section II; see table 4), and 20 more

4
in the range from 10 to 105 ev. contribute snother 1.5 mev./em.

The contribution of the (cortssm. P'Z)
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first group should be practicelly mnon-fluctuating; that of the second
should fluctuate considerably. Even with a large number of observations
then, we should expect the observed minimum speciﬁc energy loss

in our lead plate to be about 2 mev./ecm. higher them the ionization

loss as it has been defined. This correction is only an spproximate

one and tacitly assumes the validity of the theory of elastiec collisions

for the above range of secondary energies.

With the 0.35 em. lead plate there heave beer made 11 fairly
acecurate measurements on electrons in the range below 40 mev. which
gave losses below 30 mev./cm., These are plotted as separate points
in fig. la., The lowest measured value is 10 mev./ecm., and there are
three measurements between 10 and 13, 7The uncertainty in the lowest
one is sbout 3 mev.,, so allowing 2 mev. for low energy secondaries we
arrive at an estimated upper limit of 11 mev./cm. in lead for the

ionization loss of a 20 mev, eleatron,

Nine cases of measurable snergy loss in thick lead plates (~1 om.)
have been observed. These have already been published by Anderson
and the writer, emd are listed in table l. The lowest value listed,
18 mev./cm., is subject to too great an uncertainty because o?/:high
energy of the particle and the corresponding difficulty of measuring
a small loss accurately, but we may teke the first value in the table,
20 mev,/cm. (+~8) as an upper limit to the ionization loés for a
100 mev. electron. This estimate is 1likely to be lowered by further
measurements. A sunmary of the conclusions about energy loss by
ionization, which can be drawn from data so far obtained is presented in

table 2,
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Fig. 1. Example of diffuse tracks suitable for ecounts of total
ionization. The width of these tracks corresponds to a time of passage
about %-sec. before the expansion took place. The electrons that are
released by ionization quickly attach themselves to neutral molecules,

so that both positive and negative ions have the same diffusion rate.

Pig. la. Measurements of small energy losses in 0.35 cm. of
lead, by electrons with initial energies below 40 mev., used for estimat-
ing the minimum loss in lead. Initial energy is plotted against energy
loss per em. Five measurements in this renge which were included in
estimeting over-all mean energy loss, have been left out of this group

because the tracks were too short to be accurately mesdsurable.

7a.
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Table 1.

Energy loss per centimeter in lead. (Measured in plates ~,1 em. thiek)

Initial
energy 113 240 220 38 63 200 140 106 110 mev.
Loss/em. 20 18 55 29 57 68 120 80 65 mev./cm.

Table 2,

.~ .

Energy loss by ionization. -

Energy of Air N.T.P. Lead
particle |-
Jon counts Theor. Ion counts Direct meas. Theor.
in air in Pb
20 mev. | 1500 ev/em 1620 ev/c;n 9 mev/cm. £ 11 mev/em. 9.3 mev/em
100 - 1 1930 " < 20 11.4
/000 " 2310 “ R

The theoretical values have been computed from a formula given

by Carlson and Oppenheime:x:-4 for the ionization loss:

<4 2
Loss/cm. (ion.) — n—f e /dj ﬁée
m*cY &,

3
where n is the number of electrons/cm. ; &, the mean ionization
potential, and &, the energy of the particle, both expressed im

units of 2mc2, or about 1 mev. The value of & has been taken to be
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10°% for air and 0,001l for lead (See next section).

ITI High energy negative secondaries.

The formation of a high energy negative secondary by an electron
is a relatively rare event whose probability depends strongly on the
energy of the primary particle when the secondary receives a large
fraction of the initial primary energy. Attention has been confined
therefore, to those primary particles whose energies lie in the range
above about 200 mev., and that this provides a basis on which to make
a partial comparison between the results of experiment and current
theory will be seen below. In the present set of data there are 4577
traversals of such primary particles through 0.35 em. of lead from
which there have been observed:

101 single negative secondaries with energies > 1 mev,
4 double " " " "
2 single positive * " "
16 positron-negatron pairs (incl. 1 with (-) component < 1 mev.

1 shower of 2 positrons and 2 negatrons.

The rarity of single positive secondaries compared to single
negative ones. is considered justification for the assumption that
practically all the single negatron secondaries arise from close
encounters with atomic electrons, The expected number of double neg-
atives, on the assumption that a single event can give rise to only
one,is 1.3 per 4577 traversals, compared with the observed 4. The
doubles have, however, been included in the negative secondary dis-
tribution, and it mekes practically no difference in the result

whether they are inecluded or not. ZExamples of negative secondaries

are given in figs, 2 and 2 a.



Fig. 2e

A high energy electron ejects a negatron secondary from a 0,35 am.
lead plate; energy, 16 mev, Another secondary with an energy of about
0.3 mev, is scattered backwerd from the top surface of the plate. The
right hand view is a mirror image used for stereoscopic purposes.

Fig. 2 a,

An 83 mev., positron loses 53 mev. in traversing 0.35 cm. of lead.
Part of this is given to am extranuclear electron, which emerges with
an energy of 14 mev, A large portion of the remaining loss was probably
due to radiation.

Ya.,
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The . theoretical probability that a primary electron with energy &,
will produce a negative secondary with energy &£ in d&, in traversing
a (thin) plate of thickness t containing n atomic electrons/cm.s,

has been given by Carlson and Oppenheimer:

o
y 174 v
*/:(a,a): went &S+ &T4 &~ &) &

e e (s,-¢)”

where e, m are the electronic charge and mass, and all energies are
expressed in units of &ncz, or about 1 mev.: e.8. & — energy of sec/cha
In the present investigation we are econsidering only those primaries

for which & 32, 200, and since for most of these & >> 200 , the
eondition &,>> & 1is well satisfied in most cases, and the above

formula reduces to

ble) = ent 1

mch 67—

in whieh form it is independent of the primary energy.

It is now necessary to compute the distribution that should
theoretically be observed below a thick pldte of material, taking
account of the loss in energy of the secondaries before they emerge.
The calculation is trivial if we mske a few simplifying assumptions:
(1) that the primaries traverse the plate normally; (2) that
secondaries are ejected parallel to the primaries; (3) that scatter-
ing of the secondaries can be neglected; (4) that the range of a
secondary can be expressed by the simple relation R=«& , where
« 1is a constant.’

Errors introduced by (1) have been made negligible by choosing
only those primaries which traverse the plate at an engle less than

50° from the normal, and then introducing an effective thickness

about 7 percent greater than that of the plate used. Assumption (g )
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introduces only a small emount of error for secondaries above about
10 mev. It cen be shown by a simple caleulation from the conservation
laws for energy and momentum that the angle ¥ between primary and
secondary is given to a close approximation by 715.»; I= / g: » 80O
that cosdn 0,95 for a 10 mev. secondary and 0.89 for 5 mev,
and the extra distances traversed by the secondaries amount to 5
percent and 12 percent respectively. Assumptions (3) and (4) produce
negligible errors in a substance of low atomic number liﬁe carbon,

but because of scattering and radiation losses, may produce very
serious errors in the observed numbers of secondaries, of the order
of 50 percent in a heavy material like lead, even for secondaries
with energies as high as 35 mev. A complete analysis of these effects

is very difficult.

If a secondary with energy & is produced at a distance X from
the lower surface of a plate of material, its energy on emerging will
be &'z £~ x/y s and if Pé‘.') be the probability distribution of
secondaries emerging below the plate, p

dx

t
P(e') de' = da’/ﬁ(elx/m) de = de' 7en .
X=zo mch © (6',1-%)

<&
plat) . Te™m €
@) mic? g€ t)

The theoretical energy distribution 7((6) of the secondaries

observed when the plate is traversed by N primery electrons is them,

_ re¥m N
FE) = mrc?  &(Evth)

1
In fig. 3 are shown the experimental data (already published )

from 587 traversals of a 1,5 em. graphite plate (density 2.25), with
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the theoretical distribution calculated from the above formula repre-
sented by the lower curve; the upper curve is the theoretical distrib-
ution as it appears when uncorrected for energy loss. The value of «
was estimated from the four availeble measurements of energy loss in
carbon (viz. 6.8, 6.0, 3.5, 3.9 mev/em.) by electrons with initial
energies ranging from 12 to 34 mev. The mean of these is 5.0 mev/em.

and this has been taken as the value of 1/x

The present data from 4577 traversals through a 0.35 em. lead plate
are shown in fig. 4, with the theoretical curves for two values‘of 1/ N
viz. 50 mev/em. for the upper curve and 75 for the lower. The latter
value is probably about right for the part of the curve around 50 mev.
(See section IV on direect measurements of energy loss in lead).
The carbon data are represented by the theoretical distribution, within
the unecertainty of experiment over the whole energy range above 5 mev,,
whereas the lead data are represented rather more closely by theory in
the range below 50 mev, than should be expeeted offhand in view of the
approximations that have beea made. This can be understood in a qual-
itative way by observing that the errors introduced in the case of lead
by scattering of the secondaries and by the variation of specific energy
loss with energy are of like orders of magnitude and tend to cancel one
another; that is, the scattering effect might be teken into account by
adding e term to l/a¢ which would increese as the energy decreases,
whereas the actuel energy loss per cm. along the path of the secondary
decreases as the energy decreases (See section IV), in & way which is

not yet accurately known.

For further comparison between experiment and theory there are

given in table 3 the results of both observation and theory on the
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total numbers of secondaries and the sums of their emergies. The first
two columns apply to the 0.35 cm. lead data and the last two to the 1.5 em.
carbon data. In the former case only secondaries above 20 mev. have

been considered, inesmuch as any comparison between theory and experiment
for energies much lower than this must be regarded as completely meaning-

less because of the scattering and straggling effects already alluded to.

Table 3.

Observed and calculated numbers of secondaries, and their total

energies.
0.35 cm. Pb 1.5 em. Carbon
20< &€ £/20 5¢< €& & So.
/ 7/
Obs.  Cale. (x=33 Obs, Calc. (*=§)

Number of secondaries 22 27 10 15
Total energy of

same secondaries 1085 1240 103 220

(mev. )

The data presented above indicate that the theory of the formation
of high energy negative secondaries by close encounters with atomie
assume o to be valid over the whole renge QnJA
electrons is not far from the truth, and we shall therefora«yse it to
estimate the contributions to mean energy 1osq/bm., which are made by

secondaries lying in vaerious energy intervals. The mean energy loss/cm.

due to secondaries in the energy range (6,,&J is simply

& ée
q
eple)de = e | de g [/ & )
Jr f”( ) 7 Y & A 7 5;L (24\'
6‘ <,
W/ th AE ”ea’n .
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3
n is, as before, the number of atomic electrons per em. The mean number

of secondaries produced per em. along the path of the primary, whose

energies lie in the 1nterval (&, &) 1is
A
Neje) = J “’(‘*)“5: A(%- 6) (8)

A= 065 for Pb, and 016 for graphite.,

To obtain the total energy loss due to secondaries, we put in
eq. (A) &,= ij_—‘-’ , where & is the primary energy (3 & because the
particle with the lower energy will always be called the secondary),

and get

Total loss/em. (transfers>§,) = [03 =
é,
If we use the theory of Carlson and Oppenheimer, which is presumably
more accurate, and gives & slightly greater interaction when the energy
transfer is not a very small fraction of the primary energy, we obtain

instead of the sbove:
loss/cm. (trams. ) &, ) = (/&7 + 0’/3) (c)

In teble 4 are listed, for 1 em. of lead, (1) the mean number
of secondaries per primery traversal, produced in various energy inter-
vals, and (2) the corresponding contribution to loss in primary energy.

Table 5 summarizes the total contributions to mean energy loss per
em. in lead and in air, as caleulated from (C), for various values of
primary energy, &, The value which should be taken for &, camnot be
specified accurately, but no large mistake will be made by taking it
equal to the mean ionization potential. This can be estimated theor-

etically from a formula due to Bloch,

I = 13.5 Z volts
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where Z is the atomic number, and the constant has been determined
5 -
semi-empirically by Bethe and Heitler ., This gives &, ~ 10 = (100 volts)

for air and &, ~ 0,001} (1100 volts) for lead.

Tabls 4,
Mean numbers of secondaries in various energy intervals, and the

corresponding contributions to energy loss. Calculated theoretically

for 1 cm. of Pbe (&> E)
Interval of Mean number of Contribution to mean

secondary energy mev| secondaries per cm. energy loss per cm,
0.0011 to 0.01 530, 1.3 mev,

0.01 0.1 80 1.5

0.1 - WA o8 6.0 »

1.0 10. 0.8 "
10. 100. 0.06 o

Table S5,

Total mean loss per cm. due to negative secondaries in lead and in

air, for various primary energies. (Calculated theoretiecally from (C))

& Loss/em. (air) Loss/cmn. (Pb)
10, mew. 1100 ev,. 5.7 mev,
100, 1320 72
1000. 1540 8.7
10000, 1760 10.2
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An examination of table 4 indicates that secondaries in the interval
from 0.1 to 10 mev. should introduce a high probability for a fluctuation
of 1 to 3 mev. in the energy loss in a centimeter of lead. The study
of these fluctuations by direct measurements of energy loss in thiek
plates of a substance of low atomic number like carbon, in which fluctu-
ations of the above type would not be entirely masked by fluctuations
due to radiative losses, should provide a means for checking up on the
validity of the theoretical formula for secondaries in the interval
from 0.1 to 5 mev., & region which has been out of reach in the present

investigation.

III. Formation of positron-negatron pairs by electrons.

From 4577 traversals of 0.35 em. of lead by electrons with energies
greater than 200 mev., there have been observed 2 single positron second-
aries, 16 pairs, and one case of 2 positive and 2 negative secondaries
generated by the same particle. A photograph of one of the pairs is
shown in fig. 5. Traversals of 120 eleectrons in the range below 150 mev.
heve produced 2 pairs and 3 single positrons. The mean energy per pair,
calling single positrons pairs, was 47 mev. in the former group, and 10

in the latter.

If we assume tentatively that the~above pairs and single positives
are produced by a direet process ( e.g. direectly in a nuclear encounter,
rather than by first forming a photon which is absorbed lower down
in the plate), and make a reasonable correction (using data of section IV)
for energy lost in the plate before the pairs emerge from it, then we
£ind that the mean energy loss per em. in lead contributed by pairs
with energies greater than 5 mev. is about 0.8 mev/em. for primary electrons

with a mean energy >> 200 mev., and 2.5mev/em for electrons with a mean

energy of 75 mev,
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Inasmuch as we have no direct means for determining whether the
pairs arise largely from a direet or an indireet process, it is worth
while to examine the consequences of the assumption that all of the
observed pairs arise from the absorption of photons given off in radiative
collisions. The mean energy lost per traversal by electrons in the
lower energy group is 24 mev,, and the mean observed pair energy is 10 mev.
Taking 70 percent of the loss to be radiative (See data of next section)
end assuming that most of that part of it results from large single losses,
we get about 17 mev. for the average photon energy. If these are absorbed
by pair formation, the observed mean pair energy, allowing an estimated
10 mev. per pair for absofption in the lead, would be about 7 mev.,
which is not far from the observed value. Using an absorption coefficient

0.6 for pair formation by the photons, and a mean distance traversed

Fig. 5,

Example of pair formation by a high energy electron. The energies

are 80 and 30 mev. respeetively for the negatron and the positron
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equal to half the plate thickness, we can estimate that about 12 pairs

should have been observed.

The observed number and the observed energies of pairs produced
in lead by electrons with energies below 150 mev., ars g;;%:§Znsistent
with the conelusions given in the next section about losses of energy
by radiation, and with the (approximately) kmown absorption coefficient
for photons with energies around 20 mev., provided we assume a pair to
result from the absorption of a photon given off in a radiative collision,
It 1s therefore unnecessary to assume, for the interpretation of the
data, that any of the pairs observed from low energy primaries resulted
directly from the interaction of the ineident particles with atomic
nuclei; and there is no real experimental proof that the direct process
occurs., Professor Oppenheimer has informed the writer that the theoret-
ical integrated cross section for the direct process is small (of the
order of a few percent) compared to the eross seetion for formation of
a pair by a photon.

If the above interpretation is correct then the relative scarcity
of pairs from the high energy electrons suggests, independently of the

results of the next section, a breakdown of the radiation formmla at

high energies.

Iv. Rediative losses. Direet measurements of total

energy loss in lead.

It has been shown by Anderson and the writerl that energy losses
undergone by cosmic ray electrons in traversing plates of lead are
subject to very wide fluctuations, whose magnitudes and frequency of

oceurrance are so great that they cannot possibly be accounted for by

the formation of particle secondaries; these large losses have therefore
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been aseribed to the production, in nuclear encounters, of high energy
photons, That they are responsible for a major part of the energy loss
in lead has already been indicated by our earlier data and is made even

more apparent by the results given below.

From the present set of data there have been made 166 determinations
of the energy lost in 0.35 ecm. of lead by electrons with energies in
the range below 150 mev., To get some idea of the dependence of the
mean specific energy loss on the energy of the particle, these electrons
have been divided into three groups according to energy, each group
lying in an interval 50 mev. wide. The mean initial energy and mean
specific energy loss have then been determined for each group; the re-
sults are listed below in table 6, and plotted in fig. 6 along with
theoretical curves constructed from data given by Bethe and Heitler5
for the mean energy loss per cm. as a function of energy. An example

of a large radistive loss is shown in fig. 7.

Table 8.

Energy loss measurements in 0.35 em. of lead.

Energy interval £<So So<E L1000 100< & $180
Number of tracks 78 47 41
Number stopped by lead 40 4 2
Meen initial energy 28 mev. 71 mev. 124 mev.
Mean energy loss per cm. 51 921 90
Ditto, excluding those 40 86 80

that stop

There is some difficulty in estimating the accuracy of the experi-

mental results. The most serious source of error in the energy range
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Figo 7.

A 76 mev. positron goes through 0.35 cm. of lead and emerges
with an energy of 35 mev. Scarcely a quarter of this loss is at all
ckse
likely to be accounted for by ionization anqAFollisions, and the most

reasonable assumption is that the excess was carried off by one or

more photons.

below 50 mev. arises from the occurrance of many ceses in which the
particles apparently stop in the lead plate, and the necessity for making
a sound judgment in eacﬁ case as to whether this actually happens,.

Eveﬁ by stereoscopic examination it is often difficult to be sure that
the particle has not merely been scattered out of view rather than
stopped. There can be no doubt, however, that the particles do stop

in many cases, and the uncertainty introduced in the final result should
hardly exceed (4) the amount that these cases contribute, viz. about

20 percent, or 10 mevfem. In the higher energy ranges the errors in
curvature measurements are the predominating source of uncertainty,

since a given error in the energy determinations produces a much greater
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(percentage of#arror in the measurement of smail energy losses. However,
it has been found possible for two individuals (viz. Anderson and the
writer) to check each other on energy measurements in the neighborhood
of 100 mev., in practieally all instances, to within 20 percent.
Moreover, in the energy range from 100 to 150 mev., about three fourths
of the measured mean loss is contributed by those particles which have
lost more than half their initial energy in traversing the plate. The
errors in measurement of energy loss, then, in those cases whicech contrib-
ute most of the final result,should not be more than about twice the
errors in measurement of the particle energies themselves; and since

the errors must partially cancel out in a large number of measurements,
it appears that something like + 30% should be a reasonable estimate

of the 1limit of error in the final results for the energy range from

50 to 150 mev. Nine cases in this energy range which measure up to

show an energy gain instead of a loss, if the particles were moving
downward, have been included in the mean as negatié?ngn the assumption
that the negative results were a consequence of errors of measurement.

If discarded entirely they raise the mean observed energy loss for

this interval from 90 to 101 mevfeam. In the distributions of fractional

losses shown in fig. 8. these cases were thrown into the interval 0--0.2,.

It should be observed that the average specific energy loss,as
measured above,does not mean quite the same thing as the definition
used in the theory. This difference arises because some of the particles

stop in the plate, and because of the dependence of the probability of

a given energy loss on the electron energy. A decrease in this probability
as the energy goes down must result in an observed decrease in the

specific energy loss as the plate thickness is inereased. Strictly,

therefore, it is necessary in comparing experimental date wity theory
5
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to take into account the finite thickness of the plate. This correction
is probably not very large for the thieckness of plate used, and would

not be of much signifiecance for the present approximate data.

An examination of fig. 6 shows that the experimental value for
mean total specific energy loss in lead is (with the foregoing reserv-
ations as to accuracy of the data) something like 2.5 times the total
eollision loss for particles with a mean initial energy equal to 30 mev.,
and esbout 4 times the collision loss in the range from 50 to 150 mev,

The difference has necessarily to be attributed to losses by radiation.

We may conclude that the theoretieal result for totel energy loss is

not likely to be more than 25 percent too high in the neighborhood of

30 mev; but the experimental value at 120 mev., which is only 40 percent
of the cealculated value for this energy, indicates a definite breakdown

of theory in the energy range sbove 100 mev.

The writer wishes to express his gratitude to Professor Milliken
and to Professor C. D. Anderson, both for their interest and help, and

for the privilege of assisting in the cosmic ray research program.
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