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A cloud-chamber experiment shows that positive and negative particles at sea level in the momentum
range 0.3-3.1 Bevjc scatter in 5 cm of lead in the same manner. The experimental scattering distributions
have a large-angle "tail" which agrees rather well with the theoretical distributions of Moliere and of Snyder
and Scott who assumed that the nucleus scatters like a point charge. These distributions should not be valid
here because the charge distribution within the nucleus must be considered in detail for such energetic mesons.
The recent calculation of Olbert specifically neglecting the scattering of particles which penetrate the nucleus
predicts a much smaller probability for large-angle scattering than observed. A rough extrapolation of the
calculations of Amaldi et ul. to the case of lead shows that it is possible to explain perhaps 10 percent of the
observed large-angle scattering as due to inelastic electric scattering within the nucleus, if the radius of the
electric charge on a proton is taken to be 2g 10 "cm. Negative particles observed at 3.4-km altitude scatter
in lead much the same as the sea-level particles. The scattering of positive particles observed at 3.4-km
altitude indicates that protons in the momentum range 1—4.8 Bevjc suffer a small amount of nuclear scat-
tering in lead corresponding to (0.13+0.07) erg, where 0., is the geometrical cross section. All nuclear inter-
actions combined give a total interaction cross section for lead of (0.38&0.09)0,. These surprisingly small
cross sections are compared with other data from the literature.

I. INTRODUCTION

A CLOUD —CHAMBER experiment has been per-
formed at sea level and at 3.4-km altitude to study

the scattering of cosmic-ray mesons and protons in lead.
The results of this investigation are presented in two
parts. The 6rst part, including Secs. III and IV, deals
with the electrical scattering of mu-mesons. The second
part (Secs. V to VII) deals with the interactions of
protons in lead, including star production and meson
production in addition to the nuclear scattering of
protons.

The multiple Coulomb scattering of charged particles
has been investigated theoretically by several authors. ' '
The various results are generally in agreement in the
region of highly multiple scattering and predict a
distribution which is approximately Gaussian. However,
some of the results differ for the region of plural and
single scattering. The single scattering depends upon the
assumptions made concerning the charge distribution
within the nucleus. Moliere' and Snyder and Scott4
assumed a point charge which gives a differential distri-
bution in (PP8) for single scattering varying for large
angles (PP8) 3 degree-Bev/c for the present in-
vestigation) about as I/(PP8)', where P is the mo-
mentum, p= n/c (s and c are, respectively, the velocity
of the incident particle and the velocity of light), and 8
is the angle of scattering projected on a plane. On the
other hand, Olbert' has assumed that the probability of
scattering of fast particles through angles larger than

*Work done at Brookhaven National Laboratory under the
auspices of the ABC.' W. Bothe, Hundbuch der Physi k (Julius Springer, Berlin, 1933),
Vol: 22, II, p. 1.

~ E. J. Williams, Proc. Roy. Soc. (London) 169, 531 (1939); S.
Goudsmit and J. L. Saunderson, Phys. Rev. 57, 24 (1940); 58, 36
(1940).' G. Moliere, Z. Naturforsch. Ba, 78 (1948).

4 H. S.Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949);W. T.
Scott, Phys. Rev. 85, 245 (1952).' S. Olbert, Phys. Rev. 87, 319 (1952).

8,„=K/R is identically zero, where 5,=5/p is the wave-
length of the incident particle and R=1.4&10-"A& is
the nuclear radius. A stands for the atomic mass num-
ber. The resulting distribution indicates a much reduced
probability for large-angle scattering of particles of high
energy. For the approximations used in all of the
calculations as well as for the present observations, only
angles 0&1 radian are to be considered. Thus, for X&R,
Olbert assumes no cutoff within the angular range con-
sidered, and the diferent theories become identical.

The modihcation of the scattering due to the charge
distribution inside the nucleus must be taken into
account when X&R. A calculation by Amaldi et al.
shows that the amount of elastic Coulomb scattering
(coherent scattering) inside the nucleus is very small. In
this respect, Olbert's assumption is valid. On the other
hand, the calculation of Amaldi et ut. for the effect of
incoherent scattering within the nucleus indicates that
Olbert's assumption may have to be modified, as will be
shown later, for those particles which penetrate the
nucleus.

The work of Hanson et ul. v on the multiple scattering
of 15.7-Mev electrons has shown that electrons scatter in
gold according to the predictions of Moliere's theory
within the experimental accuracy of 2 percent, with the
possible exception that Moliere's theory predicts slightly
fewer scatterings in the region of plural scattering. Since
X,&R for 15.7-Mev electrons Moliere's distribution
should here be valid for all angles. Very few data are
available for the scattering of energetic mu-rnesons

capable of probing the nucleus. Previous experiments' "
on mesons, which gave simultaneous information on the

Amaldi, Fidecaro, and Mariani, Nuovo cimento VII, 553
(1950).' Hanson, Lanzl, Lyman, and Scott, Phys. Rev. 84, 634 (1951).' F. L. Code, Phys. Rev. 59, 229 (1941).' J. G. Wilson, Proc. Roy. Soc. (London) A174, 73 (1940).

'0 J. A. Vargus, Phys. Rev. 56, 480 (1939).
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momentum and scattering angle, have not provided
sufhcient information at the large angles to decide be-
tween the various theories. Amaldi and Fidecaro" have
obtained experimental results for very large-angle scat-
tering (PP8) 15 degree Bev/c) revealing a small cross
section (of the order of 2 && 10 "cm'/nucleon) for mesons
with energies greater than 300 Mev, but since they dealt
only with very large angles, their experiment did not
provide details of the distribution at intermediate scat-
tering angles. The purpose of the 6rst part of the present
experiment was to obtain sufficient data on the elec-
trical scattering of mu-mesons in the region of plural and
relatively small-angle single scattering to check the
various theories.

The second part of this experiment concerns the
interaction of protons with lead nuclei. The cosmic-ray
Aux at 3.4-km altitude is rather rich in protons, as previ-
ous results have indicated. ""At this altitude protons
form about 20 percent of the total penetrating com-
ponent in the momentum range from 0.3 to 9.6 Bev/c.
Thus protons constitute a large fraction of the positive
penetrating component alone. Therefore, a cloud-cham-
ber investigation of the interactions of particles with
positive charge only should lead to measureable results.

Until quite recently only meager information was
available on the interaction in lead of protons with
momenta in the range 1—5 Bev/c. Anderson and
Neddermeyer" performed an experiment at 4.3-km
altitude with a cloud chamber in a magnetic field. The
arrangement was such as to provide in principle the
desired information. However, this experiment was per-
formed before the various components of cosmic rays
were known, and the results cannot be applied here.
Other experiments" "were performed later at moun-
tain altitudes with cloud chambers containing various

arrangements of metal plates, but these experiments did
not include a magnetic field to measure the momentum
or the sign of charge of the particles involved. Therefore,
the effects due to protons alone could not be isolated
except in the cases where multiple scattering measure-
ments and relative ionization could be used to identify
the protons. In these cases the energy was still largely
undetermined. Thus it seemed of interest to make a
study of the proton-interaction cross section, where the
momentum of the proton would be measured directly. It
is the purpose of the second part of this paper to give the
results of the present experiment on the interaction of
protons in lead and to discuss these in view of the recent
results of others.

"E.Amaldi and G. Fidecaro, Nuovo cimento VII, 535 (1950).
"Miller, Henderson, Potter, and Todd, Phys. Rev. 84, 981

(1951)."W. L. Whittemore and R. P. Shutt, Phys. Rev. 86, 940 (1952)."C. D. Anderson and S. Neddermeyer, Phys. Rev. 50, 263
(1936).

'5 W. E. Hazen, Phys. .Rev. 63, 213 (1943); 65, 67 (1944}.' M. J. Dandin, Compt. rend. 218, 830 (1944).
'7 W. M. Powell, Phys. Rev. 69, 385 (1946).

II. APPARATUS

The experimental arrangement, designed speci6cally
to measure simultaneously the momentum and scat-
tering of cosmic-ray particles has been described brieQy. "
A few additional details will now be given. The appa-
ratus is similar in principle to that used by Hrode for
mass measurements" and by Glazier et 0/." for mo-
mentum measurements. Two cloud chambers were
mounted one above and one below the air gap of a
permanent magnet" providing a field of about 9000
gauss. Through the center of the lower chamber a lead
plate, 5 cm thick, was mounted horizontally. A 1-cm
plate was mounted below the 5-cm plate. An arrange-
ment of Geiger counters connected in coincidence
selected particles which traversed the air gap of the
magnet as well as the two cloud chambers. It was pos-
sible, although very unlikely, that a meson not originally
in the solid angle determined by the counter system
could be scattered into it by the iron pole pieces.
Fiducial wires were located in the cloud chambers in
order to enable one to recognize events of this type. A
system of mirrors allowed one camera to view both
cloud chambers simultaneously along the axis of each. A
second camera viewed both chambers in a similar
fashion with a stereoscopic angle of 20'.

The circular expansion cloud chambers were of con-
ventional design, 6 inches deep and 19 inches in diame-
ter. The cylindrical walls of the chamber were made of
3 Q inch Plexiglas coated on the inside with a thin solu-
tion of polystyrene dissolved in toluene. This thin
coating prevented the alcohol vapor from destroying the
surface of the walls. The pressure of argon and con-
densable vapor (a 50-50 mixture of water and. ethyl
alcohol) in the chamber when fully compressed was 1.4
atmospheres at sea level and 1.1 atmospheres at 3.4-km
altitude. Fixed-volume expansions were made in the
usual way by releasing air from behind a Neoprene
diaphragm through a fast-acting valve. "The time of
0.008 sec between passage of a particle and completion
of the expansion was suKciently short to give tracks of
less than one-millimeter width. After a 5-second delay
following a fast expansion caused by an incident particle
the chamber was recompressed. Thereafter three slow
expansions taking about one second each followed at 15-
second intervals. Finally, the chamber was allowed to
recover in the compressed state for an additional 70
seconds, making the minimum total time between fast
expansions two minutes.

Illumination for each chamber was provided by 2
fourteen-inch quartz Rash tubes, 5-mm inside diameter,
mounted in parabolic reflectors and placed on both sides
of the chambers. Each Rash tube was energized by a
condenser bank of 120 microfarads charged to 2000

"R.3. Brode, Revs. Modern Phys. 21, 37 (1949).
"Glazier', Hammermesh, and Safanov, Phys. Rev. 80, 625

(1950)."R.P. Shutt and W. L. Whittemore, Rev. Sci. Instr. 21, 643
(1950};22, 73 (1951).



W. L. WH I TTE MORE AND R. P. SHUTT

.I

4J
LLI

4J
O

I I I I I I I I I I I

(I ) THEORY QF OLBERT

ORY OF SCOTT - SNYDER

TT-SNYOER AVERAGES
A IN TAIL {p8~ l5) 0.0027

ERIMENTAL AVERAGES
A IN "TAIL"- (pe& l5) O.OOIO

+.0007

w PI

R
O
I-

U

U.
.OOI

.OOOI

I

0 2
I I I I I I I I I

4 6 8 IO I2 l4 I6 IB 20 22 24 26 28

pe —x DEGREE

FIG. 1.The difterential distribution F(p8) in projected scattering
variable p8 below 5 cm of lead for negative mu-mesons with
0.30&P&3.1 Bev/c observed at sea level. In all distributions only
those particles were included which ionized at the minimum rate
above and below the 5-cm plate.

volts. The lead plates in the bottom cloud chamber were
covered on both sides by polished ferrotype plates to
improve the illumination in the region around the
plates. The light delay after expansion was 0.05—0.10
sec. The photographs were made on 35-mm Linagraph
Ortho perforated film, using a demagni6cation of about
15. The cameras located at the front and at the 20'
position had apertures of f/9 and f/11, respectively.

The momentum p is given by p=5.3/8„, when p is
measured in units of Bev/c, and 8„ is the angle in
degrees between the track in the top chamber and in the
top half of the bottom chamber. This approximate ex-
pression for P is no longer valid when 8„)20', but for
the mesons under consideration 0„(1.5'. As described, "
the scattering in the walls of the cloud chambers and
interposed Geiger counters caused an error of less than
one percent in the momentum measurement and was
negligible compared to the distortions due to turbulence.
The momentum p could be measured in the range
0.300&0.006 to 11&4 Bev/c. The lead plates in the
bottom chamber were used for the study of the pro-
jected angle 8 of scattering for particles whose momenta
were measured. For each singly occurring particle the
quantity p8 could be evaluated. The scattering theories
show that the proper variable to study is PP8, not P8,
which is determined by the above measurements. For
mesons of the momenta under consideration, however,
the value of P is very nearly unity, and therefore, the
quantity P8 can actually be used to characterize the

scattering. On the other hand, protons of the same
momentum as the mesons under consideration have a
value of P substantially less than unity, ranging down to
0.31 for protons with p= 0.30 3ev/c. Therefore, a correc-
tion to the measured quantity p8 must be applied for
protons.

III. RESULTS OF EXPERIMENT ON SCATTERING OF
MU-MESONS IN LEAD

The differential distributions F(p8) of scattering in 5
cm of lead of negative and positive mesons observed at
sea level are given in Figs. 1 and 2, respectively. Mesons
in the momentum range from 0.300 to 3.1 Bev/c have
been included with the exception of positive particles in
the range 0.70 to 1.0 Bev/c. The omission of the latter
group from the data as well as the inclusion of only those
particles which ionized at the minimum rate both above
and below the 5-cm plate aids in the elimination of a
contribution due to nuclear interactions of protons in a
momentum range where protons may still be numerous. "
Protons with p(0.7 Bev/c were stopped in the 5-cm
plate by ionization losses. Protons with p) 1.0 Bev/c
could not have been stopped by ionization losses alone.
It should be noted that except for somewhat larger
statistical Quctuations the same distributions are ex-
hibited individually for positive as well as for negative
particles if the data are subdivided into groups with
momenta in the ranges 0.3—1.0, 1.0—1.9, and 1.9—3.1
Bev/c. The distributions in both Fig. 1 and Fig. 2 are
normalized so that the total area under each curve is
unity.

Some of the scattering data were a6ected by errors in
measuring e„and 0 which tended to distort the distribu-
tions. The data included in Fig. 1 and Fig. 2 were
affected only to a negligible extent by these errors;
however, data for momenta )3.1 Bev/c which were not
included were aGected to a very important extent in the
following manner. The scattering distribution can be
represented approximately by a Gaussian curve except
for a "tail," starting at p8=7 degree-Bev/c, which is
small compared to the bulk of the scattering. This "tail"
contains the large angles, compared to which the
measuring errors are negligible. The measuring errors
can also be represented by Gaussian curves having a
root-mean-square width representing an average magni-
tude of the error. If o & is the root-mean-square width of
the true scattering distribution and o, is the root-mean-
square deviation of a large number of measurements of
p8, caused by the various measuring errors, then the
root-mean-square width oo of the observed scattering
distribution is given by 0.0' ——0 P+ o,2. Thus the Gaussian
curve with width o ~ broadens to a Gaussian curve with
width oo because of the measuring errors. The average
measuring error for 8„was taken to be about 0.3'. The
error in the measurement of the projected angle of
scattering below the 5-cm plate was taken to be 0.5'.

"M. G. Mylroi and J. G. Wilson, Proc. Phys. Soc. (London)
A64, 404 (1951).
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Therefore, o., increases with p, since p~1/8„, but is
constant with 8. For mesons with p&3.1 Bev/c, the
scattering data for the 5-cm plate were not appreciably
affected by these errors, as a computation shows. For
p)3.1 Bev/c, however, the effects of these errors be-
came important, resulting in an observed scattering
distribution about twice as broad as the true distribu-
tion for particles in the range 4.8&p&11.0 Bev/c. For
the 1-cm lead plate, the situation was much worse be-
cause the error in measuring the scattering angle below
the 1-cm plate was at least 1.0', due to the added
turbulence and poor lighting in the bottom section as
well as to the splitting of the tracks caused by electro-
static charges on the Plexiglas walls of the cloud
chamber. Thus all of the scattering data from the 1-cm
plate were affected in a signi6cant and nonuniform
manner by the various errors. Since it was preferred to
use only those data for which the computations show
that corrections were unimportant, only the data in
Fig. 1 and Fig. 2 were used to exhibit the Coulomb
scattering in lead.

A different type of error might aGect the "tail" of the
distributions given in Fig. 1 and Fig. 2. As mentioned
above, the "tail" contains particles scattered into angles
large compared to the measuring errors. Moreover, the
momenta involved could also be measured with good
accuracy. The only serious source of error for these
events lay in the possibility that an incident particle not
in the solid angle selected by the counter trays was scat-
tered into the bottom counter and cloud chamber by the
pole tips of the magnet in such a manner that the ap-
parent momentum was considerably increased. This
effect would have made the observed values of p8 too
large and contributed falsely to a "tail."The observed
"tail" was larger than the curve of Olbert (approxi-
mately Gaussian) by a number of events corresponding
to 2.5 percent of the incident particles. A calculation
shows that the number of mesons scattered in the pole
tips could not have amounted to more than 0.15 percent
of the incident Aux. Furthermore, a detailed examina-
tion of the individual events forming the "tail, "making
use of the fiducial wires mentioned above, showed no
case where a meson hit a magnet pole face. Therefore,
the experimental distributions in Fig. 1 and Fig. 2 were
not inRuenced signi6cantly by measuring errors or
instrumental uncertainty.

IV. DISCUSSION OF RESULTS ON
MU-MESON SCATTERING

The theoretical distributions of Olbert (curve 1) and
Snyder and Scott or Moliere (curve 2) are shown also in
Fig. 1 and Fig. 2, together with the experimental data.
The theories of Moliere and of Snyder and Scott are
represented by the same distribution. The results of
Olbert, however, are quite diferent. As discussed in
Sec. I, the difference between the theories lies in the
treatment of the electric charge distribution within the
nucleus. Since X is about 2&(10 '4 cm («E=SX10 "
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cm) for a meson with p=1 Bev/c, one sees that the
theories of Moliere and of Snyder and Scott cannot be
applied here, since the nucleus can no longer be con-
sidered as a single point charge. Surprisingly enough,
their theories agree rather well with the experimental
results up to much larger values of p8 than expected. As
pointed out in Sec. III, mesons with momenta in smaller
intervals (e.g. , 0.3—1.0, 1.0—1.9, 1.9—3.1 Bev/c) sepa-
rately gave the same experimental distributions.

The scattering distribution predicted by Olbert does
not agree with the experimental results. In fact, even for
values as small as p8=7, the distribution of Olbert,
assuming no scattering within thy nucleus, predicts a
probability for scattering which is smaller than observed
by a factor of two, and it becomes progressively smaller
than observed for larger values of p8, reaching a value
10' times too small at p8= 15, and 10' times too small at.
p8=20. The theory of Olbert could be brought into
substantial agreement with the present results only by
requiring that the electric charge of the whole lead
nucleus is concentrated in a volume with radius of less
than one sixth of the nuclear radius of 8X10 " cm.
Unless one attributes the observed excess scattering to
the nuclear interaction of mu-mesons, one must con-
clude that the theory of Olbert has to be modified to
include the eGect of the distribution of charge within the
nucleus.

The difference between Olbert's and the experimental
distributions represents a "tail" containing about 2.5
percent of the total area under the curves. It must be
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FrG. 2. The differential distribution Ii (p8) belovr 5 cm of lead for
positive mu-mesons with 0.30&p &3.1 Bev/c observed at sea level,
omitting 0./0 &p(1.0 Bev/c.
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emphasized that neither protons nor electrons nor pi-
mesons could cause the "tails" observed in Fig. 1 and
Fig. 2. In the first place, since the scattering distribution
of negative particles showed the same "tail" as that
observed for the positive particles, protons could not be
the cause. Moreover, protons with p) 1 Bev/c form not
more than 1 percent of the penetrating component at
sea level."Since the mean free path for nuclear scattering
in lead for protons will be shown in Sec. VI to be about
1200 g/cm', the 5-cm lead plate caused only about 5
percent of the protons to suffer nuclear scattering.
Therefore protons gave rise to less than 0.05X1=0.05
percent of all the scattering. Furthermore, electrons
were not sufhciently numerous at sea level to cause this
"tail." For the momentum region above 0.300 Bev/c,
only about one percent of the ionizing tracks were due to
electrons. " Cascade theory" indicates that of those
electrons which existed in this momentum range only
5—10 percent should have produced a shower containing
just owe particle below 5 cm of lead. This indicates that
not more than 0.1X1=0.1 percent of the incident
particles were electrons which could have given a falsely
identified large angle event. Furthermore, this expected
number of one-particle electron showers agrees also
with that which one can predict on the basis of the
observed electron showers with two or more particles.
The number of pi-mesons incident on the apparatus
must be very small ((0.1 percent), since it is known that
very few mu-mesons (and hence, pi-mesons) are pro-
duced below 3.4-km altitude" and also that few protons
( 1 percent)" are incident at sea level with sufficient
energy to produce energetic pi-mesons. Thus the eRects
of protons, electrons, and pi-mesons on the production
of the "tail" are negligible at sea level.

It might be noted that, if the electrical scattering
theory of Olbert were assumed to be strictly correct, the
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FIG. 3. The differential distribution F(p8) below 5 cm of lead
for negative particles observed at 3.4-km altitude with 1.0&p &4.8
Bevjc.

"tail" observed for mu-mesons would indicate a non-
electrical interaction. The cross section one obtains by
attributing to nuclear eGects all large-angle scattering
beyond that predicted by Olbert is about 10 "cm' per
lead nucleus. This is a value very similar to that ob-
tained previously by many workers, who attributed to
nuclear scattering the diRerence between the observed
scattering and that predicted by the theory of Williams.
In this regard, see Code, ' Wilson, ' Vargus, " Shutt, "
Sinha, "and Sahiar. "The cross section obtained from
the present experiment would be essentially the same
whether Williams' or Olbert's theory is used. The
present results are compatible with those of Amaldi
et aL. ,

" obtained by a diRerent method for very large
scattering angles only, if one attributes to the electron
component the few particles we observed to be scattered
through pe) 15.

To investigate whether the observed scattering for the
larger values of pg could be wholly due to electrical
interactions within the nucleus, the theory by Amaldi

, et at. ' has been used to estimate the eRect of incoherent
scattering resulting in excitation of the nucleus. While
Amaldi's calculations apply only to light nuclei such as
lithium and carbon, these calculations, nevertheless,
should give an indication of the order of magnitude to be
expected for this type of scattering in a heavy nucleus
like lead, if a correction factor is introduced to take
account of the Z dependence of the incoherent Coulomb
scattering. A computation shows that incoherent scat-
tering within the nucleus might account for 5 to 10
percent of the observed large-angle scattering if the
radius of the charge distribution in the individual
protons is taken as 2&(10 '4 cm, and for only about one
percent if the radius is taken as 1.4&(10—"cm. This
theory as applied to lead is too crude to allow any de-
tailed conclusions. However, it seems unlikely that a
detailed calculation carried out for lead specifically
would yield a cross section larger by an order of magni-
tude. Hence, the large observed cross section may indi-
cate some non-Coulomb interaction in addition to an
electric charge distribution for single protons (as well as
mu-mesons) much smaller than the size corresponding
to the proton radius of 1.4)&10 "cm. We conclude that
the present experiment is sufhcient to indicate the need
for a treatment of the contribution to scattering of an
incident mu-meson by the individual protons within a
lead nucleus.

V. NUCLEAR SCATTERING OF PROTONS
OBSERVED AT 3.4-km ALTITUDE

The equipment described in Sec. II was operated at an
altitude of 3.4 km in the same manner as at sea level.
Since protons form a significant part of the penetrating
component at 3.4 km, one would expect to observe not
only the electrical scattering of the incident particles,

~4 R. P. Shutt, Phys. Rev. 61, 6 (1942).
~' M. S. Sinha, Phys. Rev. 68, 153 (1945).
~ A. Sahiar, Proc. Indian Acad. Sci. 34, 201 (1951).
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but also nuclear scattering of protons and other events
such as stars and meson production.

Figure 3 shows the diGerential distribution observed
at 3.4-km altitude for negative particles with momenta
in the range 1.0—4.8 Bevjc. It is in very good agreement
with the sea-level data exhibited in Fig. 1 and Fig. 2,
except that, for the larger angles where P8) 15, about
6.0&4.2 times as many particles were observed at alti-
tude as at sea level. This excess number forms about 0.5
percent of all the scattered particles. Although this small
excess for large angles might be taken to indicate the
nuclear scattering of pi-mesons in the natural cosmic-ray
beam, it probably only indicates the presence of a
considerable number of electrons in the incident beam at
3.4-km altitude, "some of which triggered the apparatus
even though anticoincidence counters were used at the
sides. As shown in Sec. IV, an energetic electron (E)1

Bev) has less than a 10-percent chance to produce a one-
particle shower below 5 cm of lead. This would imply
that electrons may have formed 5 percent of the incident
flux, if the additional large-angle scattering is due to
electrons. Additional evidence of a rather large com-
ponent of electrons occurring singly in the cloud chamber
is provided by the fact that the intensity of electron
showers with two or more particles observed at 3.4-km
altitude was about 2 times the intensity observed at sea
level in spite of the use of anticoincidence counters. An
auxiliary experiment, making use of carbon placed above
the apparatus in order to increase the number of pi-
mesons observed, showed that pi-mesons scattered by
nuclear interactions contributed less than 0.1 percent to
the scattering distribution. Furthermore, a computation
of the intensity of pi-mesons expected at 3.4-km altitude
on the basis of the meson production spectrum of Sands"
gives a value of about 0.25 percent of the penetrating
component. The rather good agreement in the range
0 &P8& 15 with the results obtained at sea level is taken
as evidence that the negative particles observed here are
mainly mu-mesons.

The positive particles at 3.4-km altitude scattered in
quite a diferent manner from the negative particles at
the same altitude. Figure 4 shows the scattering results
obtained for positive particles alone in the momentum
range from 1.0 to 4.8 Bev/c. The lower limit of 1.0 Bevjc
was chosen to lie considerably above the upper limit of
0.7 Bev/c for absorption of protons by ionization losses
in the 5-cm lead plate, so that both protons and mesons
had to ionize at the minimum rate below the plate. Also
protons with less momentum could have suffered sufIi-
cient Coulomb scattering in the lead to scatter out of the
illuminated volume. The upper limit of 4.8 Bev/c was
chosen because protons of larger momenta formed a very
small part of the incident beam. The large range of
momenta (1.0-4.8 Bev/c) was chosen to include enough
protons to make the results signi6cant.

~' B. Rossi, Revs. Modern Phys. 20, 537 (1948).
ss M. Sands, Phys. Rev. 77, 180 (1950).
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FIG. 4. The differential distribution Ft(p8) below 5 cm of lead
for positive particles observed at 3.4-km altitude with 1.0(p&4.8
Bev/c. Approximately 27 percent of the incident positive particles
were protons; the rest were mainly mu-mesons.

The scattering distributions for positive (Fig. 4) and
negative (Fig. 3) particles diRer in the following manner.
In the first place, the area under the scattering distribu-
tion for P8) 15 for positive particles is 2.0&0.7 times
that for the negative particles. This fact alone might
indicate only a fluctuation in the number of electrons.
However, one should note that the distribution for
negative particles agrees with the sea-level distributions
everywhere except for P8) 15, whereas the distribution
for positive particles deviates for values below p8= 15 as
well as for larger values, as should be the case if protons
were included. The deviation for values of P8&15
nearly disappears when one makes a correction for the
fact that the scattering distribution for protons included
in Fig. 4 should be plotted as a function of PP8 instead of
P8, since P for many of the protons included is con-
siderably less than unity.

Using the data already presented in a previous
publication, " one finds that 590&60 protons" were
incident on the apparatus accompanied in the same
time interval by 1589&40 positive and 1392~37 nega-
tive particles, which penetrated the 5-cm lead plate.
These particles were mainly mu-mesons except for a few

electrons, as noted above. This information is included
in Table I, where N „stands for the number of protons;
X„+,positive mu-mesons; X„,negative mu-mesons.

The total experimental scattering distribution F~(P8)
for positive particles can be expressed as the sum of
several individual distributions:

F~(P8) =&I+F.~(P8)+n(1 rnid'. ~'(P8)—

+ . " F,(P8')F'. 'LP(8 8')3~(P8'), (1)—

~9 This number is about 10 percent less than the number
calculated from the data of reference 13 because, of those particles
whose momenta could be measured, 10 percent fell too near the
edges of the scattering plate to provide reliable scattering datg,
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Fn. 5. The differential distribution of the difference dP(pg)
between the total experimental scattering distribution for positive
particles and that for negative particles. It is shown in the text
that AF(p8) for P8&iO represents the nuclear scattering of
protons. The data obtained at 3.4-km altitude show evidence for
nuclear scattering, whereas the data obtained at sea level for mu-
mesons do not.

where

Fi(P8)d(P8) =1, n„+=N„+/(N„++N, ),

n~ =N„/(N„++N„)

F,i(p8) is the differential electric scattering distribution
of mu-mesons where p is essentially unity, F,i'(P8) is the
electrical scattering distribution of protons and depends
on P, because many of the protons included are rela-

tively slow, m is the fraction of the X~ protons which
suGers nuclear scattering with a distribution given by
F~(p8). w and F„(p8) are to be determined. Since the
momentum distribution of protons is given, "one can
determine tile distriblltioii F i (p8) fl'oni tile dlstributlon

F,i(p8) by transforming from the variable p8 to pp8 and
remembering that F,i(PP8) is a universal function in all
electrical scattering theories. In order to eliminate the
effect of electrons from the results, the experimental
distribution for negative particles (Fig. 3) has been used
for F,i(p8) The last term i.n the integral Eq. (1) gives
the distribution of nuclear scattering modified by the
ever-present scattering due to electrical interaction. It
will be shown that the distribution of nuclear scattering
in the laboratory frame of reference is much broader
than the distribution for electrical scattering. Therefore,

With this simplification one obtains from (1)

F (P8) L, F-. (p8)+ .F. '(p8) j
LF.(P8) F. '(P8—)j=~F(P8) (2)

Therefore, the diRerence between the total differential
scattering distribution Fi(P8) and the electrical scatter-
ing distribution $m„+F.i(p8)+n„F,i'(P8)] represented as
AF(P8) does not give directly the nuclear scattering
distribution for protons, but is decreased by the elec-
trical scattering of the fractional n~m protons that were
scattered by nuclear interactions. However, the elec-
trical scattering distribution decreases rapidly as p8
increases. For a sufficiently large value of p8 (10 for the
present experiment) F,i'(p8) can be neglected compared
to F„(p8). For larger values of p8, AF(P8) gives the
nuclear scattering directly. It should be mentioned that
elastic diGraction scattering of protons is completely
neghgible for p8& 10 for two reasons. In the first place, a
computation has shown that this type of scattering
decreases to a very small fraction of its maximum when

p8& 6. Furthermore, the cross section for this scattering,
even for small angles, should be very small compared to
electrical scattering because the nucleus is presumably
not completely opaque (see discussion below).

Figure 5 gives the experimental values of AF(P8) for
the data obtained at sea level and 3.4-km altitude. Since
protons formed less than one percent of the penetrating
component with p&1.0 Bev/e at sea level, one would

expect that here AF(P8) should be identically zero for all
values of p8. The data of Fig. 5 seem to be consistent
with this view for the data obtained at sea level, except
for statistical fluctuations. In particular, for 20&p8
&40, BF(p8) is identically zero and for p8)40 no
particles of either sign of charge were observed. On the
other hand, AF(p8) obtained at 3.4-km altitude has
small but finite positive values for 10&p&80. For the
smaller values of p8 the effect of the electrical scattering
of the mu-mesons and protons becomes very important
and obscures the e6ect of nuclear scattering of the
protons since the absolute error becomes relatively
much larger. Also shown in I'ig. 5 is the electrical distri-
bution —n„ieF,i'(P8) for protons. As pointed out above,
for p8) 10 the electrical scattering is negligible compared
to the observed scattering,
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The final net nuclear scattering is obtained by
subtracting EF(p8) obtained at sea level from AF(P8)
obtained at 3.4-km altitude. Subtracting the values
obtained at sea level will tend to eliminate any instru-
mental errors. The resulting values have statistical
significance only for p8) 10. An extrapolation must be
made to account for the scattering between p8=0 and
P8=10. Two extrapolations were performed assuming
for the scattering in the center-of-mass system an
isotropic distribution and a cos 0 distribution, re-
spectively. Each extrapolation was joined to the experi-
mental value at p8=10, where BF(p8) represents the
true nuclear scattering. For the isotropic distribution
the total area under the curve corresponds to the nuclear
scattering of 25&12 out of N„=590&60 protons. For
the cos'0 distribution, the area corresponds to 30&15
out of 590&60 protons. One sees that the precise nature
of the scattering distribution is relatively unimportant
with the present experimental error, since these two
very diGerent distributions yield similar results. We will

assume that the average of these, 28&14, is the best
estimate of the number of protons which scatter by
nuclear interaction in 5 cm of lead. The mean free path
for nuclear scattering can be calculated in the usual
manner from these data. In 5 cm of lead (57 g/cm'),
590&60 protons yield 28&14 scattered protons. The
mean free path for nuclear scattering in lead is
57X(590&60)/28&14=1200&600 g/cm'. Since the
geometrical cross section o., for lead nuclei corresponds
to 160 g/cm', we see that our scattering results imply a
cross section for nuclear scattering of o,= (0.13+0.07)o,.

A fractional error in N„produces a larger fractional
error in o-, which is not only inversely proportional to
N„but also depends on DF which itself depends sensi-
tively on Aro (Eq. (2)). As an examPle, if LV„were

- actually 40 percent smaller than indicated by the
present experiment, " one would obtain o-, =0.31o-,.
However, such a large error in N„, which would be 4
times the statistical error given, appears to be quite
unlikely.

VI. OTHER NUCLEAR INTERACTIONS OF PROTONS

In Sec. V we have derived from the data obtained at
3.4-km altitude a cross section for nuclear scattering. By
examining the data for other evidence of nuclear
interactions we can obtain a total interaction cross
section. Nuclear stars have been classified by the
symbols N=O, N= 1, and N~2, referr'ing to the lower
limit of the number of densely ionizing prongs observed
below the 5-cm lead plate, since others may be absorbed
in the lead. Protons with p)1.0 Bev/c could only be
stopped (X=0) by some nuclear interaction in the 5-cm

plate, but the class of events with $=0 could include
electrons stopped by multiplication in the lead plate.
However, if many more positive than negative particles
stop, the excess should be attributed to protons since
there must be equal numbers of positive and negative

TAsLE I. Data from 5-cm lead plate used for computing the
scattering and total interaction cross sections for protons. Paren-
theses indicate same data for 1-cm lead plate.

1—1.9
Bev/c

Momentum range
1.9—3.1 3.1-4.8
Bev/c Bev/c

1-4.8
Bev/c

N„
(N„++N,)
Nq

378~50 122~25 90~15 590~60
1043 694 442 2179
596 479 317 1392

Stars N=O
Stars N=1
Stars N~2
Definite meson prod.
Possible meson prod.
Nuclear scat tering

Total No. of nuclear
interactions

11 (0)
12 (1)
5 (1)
0

18+11

3 (0)
2 (o)
4 (5)
1

10+8

0 (0)
2 (0)
2 (1)
2
0

14 (0)
16 (1)
11 (7)
3
8

28+14

80a16

electrons. At 3.4-km altitude in the momentum interval
1—4.8 Bev/c, 17 positive particles stopped in 5 cm of
lead, whereas only 3 negative particles did likewise.
This indicates that approximately 17—3=14 particles
were not electrons and hence should be designated as
protons. On the other hand, at sea level 5 positive and 4
negative particles with 1.0&p&3.1 Bev/o stopped in
the 5-cm lead plate. There was no indication in this for
the presence of protons.

Using the above classification, we have included the
available information in Table I. Also included in
parentheses are the corresponding data for the 1-cm lead
plate. In some instances, the 1-cm plate could not supply
the data. For instance, the measuring errors were so
large that no scattering data were obtained. Also, it was
impossible to identify events in which mesons were
definitely produced because the criterion for this event
was that the produced particles pass through an addi-
tional 1-cm plate without deQection or multiplication.
This criterion could obviously not be used for the
bottom plate.

The data listed in Table I under "Possible meson
production" consist of shower events with low multi-

plicity (2—5), hard to distinguish from electron showers,
because they did not satisfy the criterion for meson
production listed above. However, these events did have
two distinguishing features. First, about one-third of
these events gave secondaries which appeared to diverge
from a point rather deep in the 5-cm lead block, while

ordinary electron showers of 4 or 5 particles appear to
diverge from a point very near the surface. Second, all of
the incident particles were positive. At sea level, the
present experiment gave shower events with similar
numbers of positive and negative initiating particles.
Therefore, the observed events may well represent the
production of mesons by protons.

Before calculating the total interaction cross section,
we will compare the data obtained from the 1-cm plate
with those from the 5-cm plate. The number 41&7 of
events in the 5-cm plate (4th to 6th row, last column, of
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Table I) can be compared directly with the correspond-
ing number 8&3 for the 1-cm plate if the latter number
is increased by a factor of 4/3 to account for the differ-
ence in solid angle covered by the two plates. The
resulting ratio of similar events becomes (41%7)/
(8&3)4/3=3.9&1.6. This is somewhat smaller than the
ratio of 5.0 for the thicknesses of the two plates, but it
is not unreasonable for the small number of events
observed. Therefore, this is additional evidence that all
events occurring in the 5-cm plate were counted.

The mean free path for the total interaction of protons
with 1.0&p &4.8 Bev/c in lead will now be calculated on
the basis of the data given in Table I. When 590&60
protons are incident on 5 cm of lead, 80&16 nuclear,
interactions are produced. Calculating the mean free
path for total interaction, one finds (590&60)57/
(80&16)=420&95 g/cm'. Since the geometrical cross
section corresponds to about 160 g/cm' of lead, one finds
that the above interaction length corresponds to
(0.38&0.09)o,. This cross section is actually averaged
over the momentum range from 1.0 to 4.8 Bev/c. Since
a large part of the incident protons have momenta in the
range 1.0 to 1.9 Bev/c, it is possible to calculate the
cross section for this group alone. Table I gives all the
necessary data. One calculates, therefore, a total interac-
tion length of (378&50)57/(50&13) =430~140 g/cm'.
This corresponds to (0.37&0.12)0,.

VII, NUCLEAR INTERACTIONS OP PROTONS:
DISCUSSION AND CONCLUSION

The present experiment has provided a cross section
for the nuclear scattering of (0.13+0.07)0, and for the
total interaction of (0.38&0.09)o.„ for protons in lead.
The total cross section appears considerably smaller
than one would expect on the basis of observed cross
sections for neutrons and protons of lower energy. The
experiments performed with 85- and 280-Mev neutrons
indicate that lead exhibits nearly a geometrical cross
section. " Presumably protons should interact with a
lead nucleus in a similar manner. However, the present
experiment deals with a more energetic beam of protons
(0.43—3.5 Bev) which may exhibit a different interaction
in lead nuclei. Recent experiments have given some
information on the interaction of protons in photo-
graphic plates. Bernardini et al." have performed an
experiment in which the interaction of protons of 0.375
Bev was studied. They obtained a total interaction cross
section of (0.56&0.11)o,. Camerini et at." have in-.

vestigated in photoplates nuclear interactions produced

by very energetic cosmic-ray particles. Their results

show that protons with energies (1.0 Bev suffer elastic
interactions in silver and bromine and that other types

' Fox, Leith, Wouters, and MacKensie, Phys. Rev. 80, 23
(1950).

"Bernardini, Booth, and Lindenbaum, Phys. Rev. 85, 826
(1952).

32 Camerini, Davies, Franzinetti, Lock, Perkins, and Yekutieli,
Phil. Mag. 42, 1261 (1951).

of interaction become of comparable importance only
for energies &2.0 Bev. Their results do not provide an
absolute cross section for total interaction. In view of
the results of Bernardini et al. and Camerini et al. ob-
tained essentially for the interaction of protons with
silver and bromine, one would expect that protons
should interact with nearly geometrical cross section
with a heavier nucleus like lead. Nevertheless, the
results of the present experiment indicate a weaker
interaction.

Experiments performed on the particles producing
penetrating showers have shown that the more energetic
particles (energy )10 Bev) interact strongly in matter.
Boehmer and Bridge" have demonstrated that the
neutral particles (presumably neutrons) producing
events with the highest multiplicity have a mean free
path in carbon of 85&12 g/cm' and in lead of 143+30
g/cm'. Lead and carbon perhaps display a smaller cross
section for neutrons of lower energy, but this is not
certain because the efficiency of the detector of pene-
trating showers decreases in a complicated manner as
the multiplicity and hence the energy of the incident
particle decreases. Froehlich et at.'4 h~ve shown that
protons of about 10 Bev which produce penetrating
showers have a mean free path in lead of about 160 to
190 g/cm'

The cross sections obtained in the present experiment
indicate a weaker interaction of protons with lead nuclei
in the energy range 0.43—3.5 Bev than is observed for
protons of smaller and greater energy. The principal
source of uncertainty for the result lies in the determi-
nation of the number of incident protons. This experi-
ment has been used to determine the proton Aux at
3.4-km altitude to an estimated accuracy of 10 percent.
Similar measurements of Miller et al. gave a Aux of
protons which at an energy of 0.43 Bev is 25 percent
smaller than that deduced from the present experiment.
If one were to reduce our proton intensity by 25

percent, the scattering and total interaction cross
sections become, respectively, 0,= (0.27&0.09)~„0&

= (0.60&0.08)0,. If all the errors were to add in such a
manner as to make the largest possible, although not
likely, cross section, then ot, ——0.680-,. The total inter-
action cross section would be geometrical if the Aux of
protons were only 60 percent of that obtained from the
present experiment, provided all the errors should add
to give the largest possible cross section. Such a low

value for the Aux would not only be outside the limits of
error of the present experiment by a factor of four but
would also be considerably smaller than that de-

termined by Miller. Therefore, one concludes that the
cross section which protons (0.43—3.5 Bev) exhibit for
interaction with lead is less than geometrical and is

most probably (0.38&0.09)0, with an upper limit that
might be stretched to 0.680-, .

"H. W. Boehmer and H. S. Bridge, Phys. Rev. 85, 863 (1952).
~ Froehlich, Harth, and Sitte, Phys. Rev. 87, 504 (1952).
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The ratio of the scattering cross section to the total
interaction cross section is relatively unaffected by an
uncertainty in the proton Aux. The best value of this
ratio r is (0.13&0.07)/(0.38&0.09) =0.34&0.19. If, on
the other hand, the proton intensity should be 75
percent of that used in the present calculations, then
r=(0.27&0.09)/(0. 60&0.08) =0.45&0.18.

We have had the benefit of several discussions of mu-
meson scattering with Professor 3. Rossi, Professor W.
Scott, and Mr. S. Olbert. Mr. Olbert kindly provided
some of his results prior to publication. Professor Scott
has also made available the results of the Snyder and
Scott and the Moliere scattering calculations in a form
directly applicable to the present experiment.
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The Temperature Dependence of Electrical Resistance

W, p. HOUSTON
Rice Institute, Houston, Texas

{Received August 18, 1952)

The electrical resistance of a simple metal can be computed over a wide range of temperature by con-
sidering the thermal vibrations and the scattering from individual ions. Observations by MacDonald and
Mendelssohn make possible a comparison with experiment from room temperature down to very low
values. Moderate agreement for lithium and sodium can be obtained by a suitable choice of parameters,
but the values necessary are not in close agreement with those suggested by other phenomena.

An approximate method for taking into account all three normal modes of vibration with a given
propagation vector also gives moderate agreement with the observations.

'HE current phase of the theory of electrical con-
ductivity began in 1928 when Sommerfeld applied

the Fermi-Dirac statistics to the Lorentz-Drude treat-
ment of the conduction electrons in a metal. ' It was
then soon recognized that the electron scattering, to
which electrical resistance is due, is similar in many
respects to x-ray scattering. As long as the crystal ions
are 6xed in their lattice positions the electrons move
without any obstructions, but the presence of irregu-
larities due to strains, impurities, or thermal motions,
gives rise to a random scattering and to resistance.

With this picture it is obvious why resistance
decreases with decreasing temperature, but it was not
at erst clear why the zero-point motion of the ions does
not produce, in all metals, a very large residual re-
sistance. The explanation of this fact was given in 1929,
when it was shown that the statistics of the electrons,
combined with the conservation of energy in the scat-
tering process, lead to a vanishing probability of scat-
tering as the temperature approaches zero. '

The scattering of an electron wave occurs on a sound
wave in the crystal. The scattering is subject to three
restrictions:

1. There must be conservation of propagation vectors of the
incident electron wave, the sound wave, and the scattered electron
wave. The propagation vector of the scattered wave must be
equal to the sum of the propagation vectors of the incident wave
and the sound wave. This is analogous to conservation of mo-
mentum.

2. There must be conservation of energy in the scattering process.
The sound wave can gain or lose hv of energy and the electron

' A. Sommerfeld, Z. Physik 47, T (1928).
2 W. V. Houston, Phys. Rev. 34, 279 (1929),

must lose or gain the same amount. Since h~ for the sound wave is
small compared with the electron energies, the electron will not
have its energy changed very much. It can be scattered from a
point near the surface of the Fermi distribution only to another
point near the same surface. In particular, at very low tem-
peratures, when the sound vibration in question has its zero-
point energy and can lose no more, the electron cannot gain
energy at all but can only lose it.

3. The statistical distribution must be taken into account
because of the Pauli exclusion principle. At very low temperatures
the electron cannot gain energy because the lattice vibration has
no energy to lose. The electron can then only be scattered if it
can lose energy to the lattice. But at such very low temperatures,
the surface of the Fermi distribution is quite sharp. Practically
all the states of energy lower than the one from which an electron
is to be scattered are occupied. Hence, the electron is practically
not scattered at all and the resistance reaches very low values.

The detailed analysis of these three restrictions, the
conservation of propagation vector, the conservation of
energy, and the Pauli exclusion principle, leads directly
to a proportionality of the resistance to the fifth power
of the temperature in the limit of very low temperatures.

Thus in the two temperature limits of high tem-
perature and very low temperature, the behavior of
electrical resistance of ordinary metals is rather well
understood on the basis of general principles. For high
enough temperatures the resistance is proportional to
the temperature, and for low enough temperatures is
proportional to the 6fth power of the temperature. The
intervening region shows the peculiarities characteristic
of the individual metals, and it has long been recognized
that no one-parameter curve can describe the resistances
of all pure metals.

Until recently there have not been extensive measure-
ments over a wide enough region to permit detailed


