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on November 12,' may have been responsible
for the deflection of the solar-produced particles
into the polar regions.

The double-hump structure of the increase in
the intensity of the nucleonic component has not
been observed previously. The most remarkable
feature is the difference in the ratio, EI(McMurdo)/
M(Thule), in the first hump as compared with the
second. For an isotropic distribution of cosmic-
ray intensity, the ratio is approximately unity.
Hence, a value of the ratio exceeding unity is
indicative of an anisotropy in the intensity dis-
tribution of the solar-produced cosmic rays in
the vicinity of the earth. As is seen in Fig. 1,
the anisotropy prevailed during the first hump
and isotropy has been almost established near
the beginning of the second hump. A possible
interpretation may be that, during the first hump,
the earth was located near the boundary of the
modulating region, which later completely sur-
rounded the earth.

It is interesting to note that the anistropy was
evident only during the exceptionally long dura-
tion (about 6 hours) of the Ho. flare. However,
the significance of this coincidence is not clear,

especially since a Forbush-type decrease com-
menced' at approximately the same time as the
termination of the optical flare.
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This Letter reports new measurements of the
flux of high-energy (0.3 Bev to 3.0 Bev) electrons
and gamma rays at the top of the atmosphere. In
1949, an experiment using essentially identical
equipment (a multiplate cloud chamber carried
to high altitudes by a balloon) was performed by
Critchfield, Ney, and Oleksa. ' While no evidence
for primary cosmic-ray electrons was found in
that experiment, improvements in cloud-chamber
technique and higher balloon altitude capability
now make it possible to demonstrate the existence
of a small flux of primary electrons.

Table I summarizes the data pertaining to the
balloon flight and to the characteristics of the
cloud chamber. Electrons and gamma rays were
identified by the characteristic electron-photon
cascade showers which they produced in the lead
plates of the cloud chamber. These showers,
which appear as a sequence of cones of minimum-
ionizing nonpenetrating tracks emerging from the

lower surfaces of the lead plates, are readily dis-
tinguished from events produced by nuclear inter-
actions. The selection criterion that the axis of
accepted showers had to pass through the illumi-
nated areas of both the top and the bottom of the
cloud chamber ensured that the axis passed
through all five plates. In passing through this
thickness of material a nuclear shower would
almost certainly reveal its nature through the
presence of penetrating particles and jor heavily
ionizing evaporation tracks. Figure 1 shows a
typical example of a shower produced by an elec-
tron. The incident electron appears in the top sec-
tion of the chamber as a single minimum-ionizing
track which lies on the axis of the shower. Since
it is very unlikely that a background track or a
back-scattered track from the shower would coin-
cide accurately with the shower axis, it appears
certain that events such as the one shown in
Fig. 1 are initiated by high-energy electrons.
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Table I. Data on the balloon flight and the cloud
chamber.

Balloon flight

Date.

Location:

Time at ceiling:

Pressure altitude:

May 12, 1960

Minneapolis, Minnesota
(geomagnetic latitude 55'N)

12 hours

4to6. 5gcm 2.

Average: 4. 5 g cm 2

Multiplate cloud chamber

Number of lead plates:

Thickness of plates: 0.6 cm-7. 5 g cm 2

{1.1 radiation lengths)

Sensitive time per picture: (0.19+0.01) sec

Geometric factor for
region bounded by illu-
minated areas of top
and bottom: (38.5+1.5) cm2 sr

Shower events in which there was no trace of a
track in the top section even though the axis was
well illuminated were assumed to be initiated by
gamma rays. There is no reason to believe that
the upper section was insensitive at any time dur-
ing the flight. The procedure used to determine
the energies of the electrons and gamma rays is
identical to that used by Roe and Ozaki' and is
based on the Monte-Carlo calculations of Wilson. '

Figure 2 and Table II summarize the data taken
while the balloon was at ceiling altitude. Figure 2
shows the differential energy spectra for the elec-
trons and gamma rays. While it is certain that
some electrons were incident upon the chamber,
it is not possible to estimate the number of pri-
mary electrons without first knowing the number
of secondary electrons produced in the atmos-
phere above the chamber. An upper limit for the
number of secondaries can be computed from the
observed number of gamma rays under the as-
sumption that all the gamma rays arise from nu-
clear interactions above the chamber. The dashed
histogram in Fig. 2 shows the energy spectrum
of secondary electrons computed from the ob-
served gamma-ray spectrum under the following
assumptions: (a) The gamma rays arise only as
decay products of m' mesons; (b) two charged m

mesons are produced for every m' meson; (c) the
charged g mesons and the g' mesons are produced

FIG. 1. A cloud-chamber picture of a shower pro-
duced by a high-energy electron. The incident electron
is visible in the top section of the cloud chamber.

with the same energy spectrum; and (d) the Michel
parameter which describes the p, -meson decay
spectrum has the value png =0.75.4 Under these
assumptions, most of the secondary electrons
come from the decay of p, mesons created when
the charged v mesons decay (a small contribution
from pair production by the gamma rays has also
been included). In the simplest approximation,
the number of gamma rays and secondary elec-
trons should be equal because there are two gam-
ma rays per z meson and two charged z mesons
(each of which should ultimatelygive an electron)
per z' meson. A more detailed analysis shows
that less than half of the p. mesons decay before
they reach the level of the balloon and that many
of the electrons from these have energies so low
that they could not be primary cosmic rays ar-
riving at the latitude of Minneapolis. The net re-
sult is that, in the energy region accessible to
primary cosmic rays (above 0.5 Bev), only 1.5
+0.4 secondary electrons are expected, while the
total number of electrons observed was 11. There-
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Total number of electrons

Total number of gamma rays

Number of minimum-ionizing particles which
penetrated all 5 plates

Number of penetrating particles corrected
for nuclear interactions

Total number of pictures at ceiling

284

380

541

Table II. Tabulation of particles whose paths passed
through illuminated areas of both top and bottom of
cloud chamber.

FIG. 2. Differential energy spectra for electrons
and gamma rays. The dashed spectrum represents
the secondary electrons that would be expected under
the assumption that all the gamma rays are secondaries.

fore, most of the observed electrons must be
primary cosmic rays. The pronounced peak in
the electron energy spectrum between 0.5 Bev
and 1.0 Bev is further evidence in favor of this
conclusion because such a peak would appear if
primary cosmic rays were excluded below the
geomagnetic cutoff energy. (The cutoff energy for
electrons at Minneapolis is about 0.7 Bev.)' While
there is a low-energy (about 0.25 Bev) instrumen;
tal cutoff arising from the fact that very small
showers are not easily recognized, more elec-
trons than are observed would appear in the inter-
val from 0 to 0.5 Bev if the spectrum of the ob-
served electrons had the monotonic increase with

decreasing energy which seems to be a charac-
teristic of the spectrum of secondary electrons.
A reasonable upper limit on the geomagnetic
albedo (upward moving particles produced in the
atmosphere which are returned to the earth by
the geomagnetic field) is the upward flux at the
point of observation. Since no upward moving
electrons with energies greater than 0.5 Bev were
recorded during the flight, it is very unlikely that
the observed electrons arise from this source.
(Most of the p mesons whose decay electrons con-
stitute the upward albedo would be expected to
decay before they reach the level of the balloon. )

The value computed from the data in Tables I
and II for the flux of electrons incident on the
cloud chamber with more than 0.5-Bev energy is

I =(32+10) particles m ' sec ' sr '.
e

No more than (13+ 10)$ of this flux is due to

secondaries if the assumptions given earlier are
correct. Since the correction for secondaries is
small and since it is partially offset by absorp-
tion of the primary electrons, this flux is a close
approximation to the true flux of primary elec-
trons at the top of the atmosphere. The flux of
protons determined from the number of minimum-
ionizing penetrating particles selected by the same
geometric criterion that was applied to shower
axes is

I =(1100+100)particles m 2 sec ' sr '.

A correction based on a mean free path for nu-
clear interactions of protons in lead of 140g cm '
has been applied in computing this flux. The ra-
tio of the electron flux to the proton flux is

I /I =(3+1).

In 1949 Critchfield, Ney, and Oleksa set an upper
limit on this ratio of 0.6$. The reasons that the
above-measured value is larger than this upper
limit are the following: (1) The minimum energy
of the accepted showers was larger in the earlier
experiment (1.0 Bev vs 0.5 Bev); (2) the proton
flux was higher in 1949 than in 1960 (2200 p m '
sec ' vs 1100 p m ' sec '); and (3) the thickness
of the air above the balloon was less in the pre-
sent experiment (4.5g cm ' vs 15g cm '). The
conclusion that primary electrons exist was made
possible in the present experiment by (1) a clear
separation of electrons and gamma rays which
enabled a rigorous calculation of background ef-
fects to be made, and (2) the high altitude obtained
which ensured that the flux of secondary electrons
would be small.

Calculations by Ginzburg' indicate that synchro-
tron radiation from high-energy electrons would
account for the observed intensity of galactic
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radio emission if the density of electrons with

energy greater than 1 Bev is on the order of 3
x 10 "cm '. The density computed from the
measured electron flux is 1.3 x10 ' cm ', which
appears to be more than enough to account for the
observations of galactic radio noise.

An upper limit for the flux of electrons arising
from nuclear interactions of cosmic rays with
interstellar hydrogen gas can be obtained from
the data which were used earlier to determine
the number of secondary electrons produced in
the atmosphere. Although the average thickness
of matter traversed by a cosmic ray within the
galaxy is about 1g cm ' (this thickness is sug-
gested as an upper limit by considerations based
on the relative abundances of protons and heavy
nuclei in the cosmic-ray beam), the number of
electrons produced in this thickness of interstel-
lar hydrogen is about the same as the number
produced in the 4g cm ' of air above the balloon.
This occurs because the interaction probability
per g cm ' for hydrogen is about twice that for
air and because all of the p, mesons produced in
space decay while only half of those produced in
the atmosphere above the balloon do so. (The
flux of gamma rays from interstellar nuclear
collisions is very small compared to the electron
flux because the time that the electrons are trap-
ped by galactic magnetic fields is large compared
to the time required for the gamma rays to leave

the galaxy on straight paths. ) U the mean distances
traversed in the galaxy by protons and electrons
are equal, the electron flux arising from nuclear
interactions in interstellar space is no larger than
the flux arising from nuclear interactions in the
atmosphere above the balloon. Since this flux was
estimated to be only 13 of the total electron flux,
it appears unlikely that all of the observed elec-
trons arise from nuclear interactions of cosmic
rays with interstellar hydrogen.
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Ney for his interest in this investigation and Pro-
fessor J. R. Winckler for his comments on the
manuscript.
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By storing polarized p. mesons in a magnetic
field for as long as 1000 cyclotron periods it has
been possible to measure directly the anomalous
magnetic moment. We find the anomaly in agree-
ment to within 2 (that is, 2 x10 ' accuracy on
the total magnetic moment) with that expected
from the quantum electrodynamics of a Dirac
particle.

At present the muon appears to be a heavy elec-
tron with no interactions except the electrorna-
netic and the weak. This concept gives no ex-
planation for the muon-electron mass difference,
but allows the muon magnetic moment to be cal-
culated from the Dirac equation and quantum

electrodynamics as' '

p, =g(e/2M c) x(I/2),

with g-=2(1+a), the anomalous part of the moment,
a, being

a „-=(g - 2)/2 = (a /2m) + 0.VS(a'/m') + ~ ~ ~ = 0.001165,
(2)

with a -=Ac/e'=13V. 04, the fine-structure con-
stant of atomic physics. The first term in Eq. (2),
a/2n, arises from the emission and reabsorp-
tion of single photons, which alter the Dirac
moment in two distinct ways, by the muon recoil,
and by the muon spin-flip during the period of
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