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The fluxes of multiply charged cosmic-ray particles have been measured with nuclear emulsions in a
high altitude balloon flight. The identification of a-particles was based on “blob-gap’’ measurements; that
of elements with Z2>3, on §-ray densities. The charge resolution obtained was satisfactory. To calculate
the fluxes at the top of the atmosphere an extrapolation procedure, previously introduced in this laboratory,
was employed. Two sets of parameters which account for the interactions in the residual atmosphere,
differing considerably as far as their influence on the fluxes of light elements is concerned, were used. The

results (in particles/m? sec sterad) are as follows:

Set I Set I
Z=2 90.9 +8.0 89.2 8.0
3<ZK5 1.684-0.32 0.454-0.36
6<2<9 5.604-0.58 6.05+0.56
Z210 2.194-0.38 2.1940.38
INTRODUCTION

HE question of the relative fluxes of the different
components of the primary cosmic radiation has
been a subject of intensive study since 1948.712 One of
the most important and difficult problems is the de-
termination of the abundance (or absence) of the light
elements Li, Be, and B, from which it is believed that
the mean life of cosmic rays in intergalactic space and
the distribution of the sources could be estimated.
Most of the work has been done with nuclear emul-
sions and only very recently have counter techniques®
become refined enough to permit reliable charge dis-
crimination. The early experiments, performed with
glass-backed emulsions, were subject to several uncer-
tainties, and the results obtained by various authors
differed widely as far as the relative abundance of
elements in the stack and especially the ratio of light/
medium elements was concerned.??5 Only very recently
have large stacks of stripped emulsions, exposed at high
altitude and at latitudes with a relativistic cutoff
energy, been used for the study of the primary charge
spectrum ; consequently some of the principal sources
of error inherent in the original experiments were
minimized. Another uncertainty, especially in the
determination of the light-element flux at the top of
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the atmosphere, is due to the extrapolation procedures
involved. A separate paper by the authors of this work
is devoted to a critical discussion of the extrapolation
procedures.

DETAILS OF STACK AND EXPOSURE

A stack of 60 Ilford G-5 stripped emulsions, 6 in.
X4 in. X400y, was exposed with the 6-in. side vertical
on February 6, 1956 to the cosmic radiation in a
balloon flight over Texas. The flight duration at level
altitude was about 6 hours, between 5.7 and 7.3 g/cm?
vertical residual atmosphere. An additional 2 g/cm?
were taken into account in the final calculations to
allow for the packing material. The balloon proceeded
in a nearly straight line from San Angelo, Texas, to
Kirbyville, Texas. The flight curve is shown in Fig. 1.

A reference grid was printed on the emulsions to
allow accurate tracing of tracks from one emulsion to
the other. The processing was done by the usual tem-
perature method.
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F16. 1. The flight curve.

14 Engler, Kaplon, and Klarmann (to be published).

597



598

SCANNING CRITERIA AND DETECTION
EFFICIENCY

The search for particles in the emulsion was done by
the “area scan” method. To allow for sufficient path
length in the stack for positive identification of tracks,
the scan area in each plate started 13 in. from the top
edge and ended 13 in. from the bottom edge. At the
sides the scan area ended 1 cm from the true edge to
avoid regions of anomalous development. Before start-
ing the systematic scan, the grain count corresponding
to minimum ionization and to relativistic a-particle
tracks was determined in each scan plate on tracks
identifiable by suitable interactions. It was found that
variations in development did not change the grain
count by more than 109, from one plate to another
and even less in different regions of the same plate.

In the first part of the experiment, devoted prin-
cipally to an a-flux determination, tracks were accepted
in the scan if they (a) had an ionization by grain count
of more than 3.3Xminimum, (b) had a projected length
of more than 1.42 mm in the scan plate, and (c) did not
interact in the scan plate. The tracks satisfying these
criteria were then traced back to their entrance at the
top of the stack and down to their exit or to an inter-
action. Tracks which were obviously secondaries of
interactions or were nonrelativistic by visual observa-
tion of a change in ionization were then discarded.
From an original sample of 817 tracks satisfying the
scanning criteria, 208 remained after tracing, of which
only 11 were due to nuclei of Z2> 3.

In order to select nuclei of Z2 3 more rapidly, a new
area scan was then introduced in which criterion (a) was
changed to accept only tracks of ionization greater
than SXminimum, (b) and (c) remaining the same.
To guard against systematic errors in the grain count,
the scanners frequently recounted the grain density of
a standard track.

Tracks whose grain densities and lengths are close
to the acceptance criteria may easily be lost by a
scanner due to individual fluctuations in measurement
conventions. To eliminate detection inefficiency due to
this cause, only tracks well inside the acceptance criteria
were accepted in the final analysis. Thus the minimum
acceptable grain count was set well below the expected
grain count of a relativistic a-particle or Li nucleus,
respectively, and in the final analysis only tracks longer
than 1.50 mm (projected length) in the scan plate were
accepted. (The error in the length measurement as
done by the scanners is less than 20u.) Random losses
of tracks because of “the human element” cannot be
guarded against and have to be estimated. Table I lists
the number of tracks accepted in the final analysis
found by each scanner. It is seen that with one exception
the yield of each scanner is in agreement with the
average yield, indicating a uniform detection efficiency.
In the scan for heavy nuclei the anomalously high
yield of medium nuclei of observer B can be explained
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in terms of a statistical fluctuation, as is seen when the
results of two plates scanned by observer B are dis-
played separately in Table I. It is therefore assumed
that the detection efficiency is close to 100%,.

A separate check on the detection efficiency is possible
for the nuclei of Z>3. A large fraction of the tracks
passed through two or more “scan areas” in different
emulsions. If we denote by R the ratio of the number of
tracks of a given charge group found in all “scan areas”
to the number of independent tracks in the same charge
group, i.e., the average number of times a track of a
given charge group was found in the scan, the result is

Charge group R
Heavy, H (Z>210) 14
Medium, M (6<Z<9) 14
Light, L (3<2K59) 1.6

Since our stack was rather small, the differences to be
expected in R due to the variation in interaction mean
free path between different charge groups is small.
Assuming the detection efficiency for H nuclei to be
close to 100%, the fact that R is essentially constant
for all charge groups gives additional support to the
view that even for light elements (where scanning
losses are @ priori most critical) the detection efficiency
was high.

IDENTIFICATION OF ALPHA PARTICLES

In the first part of the scan, 197 tracks were found
which satisfied the scanning criteria, were not discarded
in tracing, and were not due to nuclei of Z2> 3. Ioniza-
tion measurements by the ‘“blob-gap” method!® were
made at two points at least 4 cm apart on those of the
above tracks which had a projected length of more
than 1.5 mm in the scan plate. At each point 400 blobs
and 50 gaps were counted in the middle of the emulsion,
the resulting statistical error in the ionization determi-
nation being ~59%. Calibration measurements were
performed on the tracks of relativistic a-particles which

TaBLE 1. Scanning results. (The numbers quoted are
particles found per cm?.)

(a) Alpha particles

Observer 4 254422

Observer B 271453

Average 25.7%£2.1

(b) Heavy primaries
3<ZKS 629 Z>10 Total
Observer 4  0.48+0.06 1.11+40.16 0.2740.08 1.924-0.21
Observer B 0.63+0.11 1.60+0.18 0.31£0.08 2.54+0.22
Observer C  0.54£0.10 1.07+0.15 0.32+0.08 1.924-0.20
Observer D 0.67+£0.16 1.10+£0.21 0.32+0.11  2.094-0.29
Average 0.57+0.06 1.2640.09 0.3140.04 2.1440.11
Breakdown of scanning results of Observer B

Plate I 0.59+0.15 1.30+0.19 0.364=0.12  2.26+4-0.30
Plate II 0.660.16 1.9040.27 0.27+0.10 2.83+0.33

15 P, H. Fowler and D. H. Perkins, Phil. Mag. 46, 587 (1955).
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produced high-energy disintegrations. The over-all ac-
curacy of the ionization measurement on one point of a
track including calibration but excluding systematic
variations was of the order of 7%,

The purpose of these measurements was to dis-
criminate between tracks of relativistic a-particles and
those produced by slow protons, deuterons, and tritons.
A proton track having an ionization of 3.5Xminimum
(given by g, the coefficient of the exponent of the gap
length distribution) will stop inside the emulsion after
~4 cm, while a deuteron of the same ionization will
show a change of about 409, in g and a triton a change
of 209, over the same distance. In order to check
whether an observed difference between the values of g
obtained at two points of the same track was the result
of a statistical fluctuation or an actual change in ioniza-
tion, the results were compared with the known varia-
tion of ionization with range of singly charged particles.
In no case was there any ambiguity as to the nature of
the particle producing the track.

In some cases a shorter length of track than 4 cm
was available since the particle either interacted or
emerged from an interaction. The identification in these
cases was unambiguous, however, since in addition to
ionization measurements the direction and collimation
of shower tracks gave additional evidence for the nature
of the particle.

Out of a total of 197 tracks on which measurements
were made, 156 were identified as a-particles. A histo-
gram of the measured values of g* (normalized to the
minimum ionization of a relativistic a-particle) is given
in Fig. 2. As can be seen, the distribution is roughly
normal, though perhaps slightly more peaked than
expected.

Since all the tracks of a-particles were followed from
the point of detection until they left the stack, the
interaction mean free path in emulsion could be deter-
mined. In a total track length of 704.8 cm, 43 inter-
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actions were found, yielding a value
Ae=16.42.5 cm.

The above value of the interaction mean free path was
not corrected for the finite size of the stack (the correc-
tion would increase A, by ~59%); it is in agreement
with the value 20.542.2 cm quoted by Waddington?!6
for a-particles in a comparable energy range.

The number of a-particles incident on the stack was
computed by using the known distance each particle
traveled in emulsion above the point of detection and
an interaction mean free path of 20.5 cm. The result is
N o=23.27X10° a-particles/m? vertical area. The number
of independent particles, used in evaluating the stand-
ard deviations, is 156.

IDENTIFICATION OF NUCLEI OF Z2>3

The most commonly employed method for charge
identification on tracks of relativistic multiply charged
particles is the determination of §-ray density. The
difficulties and limitations of this method are well
known and will not be discussed here. It is found that
fairly good charge resolution can be obtained for tracks
of nuclei with Z<9; beyond that, other methods, such
as photometric density measurements, must be used.
Recently “blob-gap” measurements have also been
used on very flat tracks of Z<9 with good results.?

In the present work, §-ray counting was employed on
all tracks, while “blob-gap” measurements were made
in addition only on tracks attributed to Li nuclei. On
each track which satisfied the scanning criteria, 100
d-rays (of 4 grains or more) were counted. The measure-
ments were done by two independent observers choosing
the tracks at random from the scanning results. In
order to eliminate a change in the counting convention,
several flat tracks were chosen as “reference tracks.”
Every day 100 é-rays were counted on one of these
tracks by each observer and the variation in the count-
ing conventions were thus kept within 5%. Each
observer measured about the same number of tracks
and the results are shown in Fig. 3. The histograms are
very similar in spite of the fact that the mean number
of 6-rays/100u for a particular charge was very different
for the two observers in this experiment. For tracks of
Z 210, é-ray counting is insufficient to allow reliable
charge resolution and only the charge group as a whole
for this class will be considered in this experiment.
Moreover, for Z2>10, only tracks with zenith angle
less than 70° were accepted for the final flux calcu-
lation.

In order to establish a charge calibration, two inter-
actions having neither black, gray, nor minimum-ioniza-
tion tracks were chosen. These interactions could be
uniquely identified as corresponding to the following
break-ups:

Be—2a, O—4a.

16 C. J. Waddington, Phil. Mag. 1, 105 (1956).
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F16. 3. Charge distribution in the emulsion.

200 6 rays were counted on each of several a-particle
tracks and on the Be and O tracks leading to the above
interactions. A relation of the form N=aZ%+b (where
N is the number of 8-rays/100u for a track of charge Z)
was established and used in determining charges from
é-ray counts.

In addition, the quantity g (see previous paragraph)
was determined by “blob-gap” measurements on all
tracks which gave a value of Z=3 according to é-ray
counting. It turned out that gri/g.=2 in agreement
with the prediction of Fowler and Perkins.!® Unfortu-
nately the “blob-gap” method could not be extended
reliably to higher charges, since in our work the tracks
were too steep.

Additional information may be obtained from some
of the fragmentations of the heavy nuclei. Table II
lists all interactions with N;< 1. Each disintegration is
represented by the number of evaporation tracks
(0 or 1), a-particle tracks, and minimum-ionization
tracks associated with it. A charge can be assigned to
the primary of these interactions on the basis of the
number of a-particles and minimum-ionization tracks
emitted in a forward cone of less than 5°. It is seen in
Table II that only in one case was the assigned charge
different from that found by é-ray counting. In the one
exceptional case the discrepancy may be explained by
assuming both minimum tracks to be mesons. The
agreement by both methods indicates that our charge
calibration is essentially correct.

As in the case of the a-particles, the interaction mean
free path of heavy nuclei in emulsion was determined.
The results are

Ar=10.9429 cm, Ax=13.241.9 cm,
AL=13.342.8 cm,
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in agreement with the values
Au=13.0cm, A,=15.7,

calculated on the basis of a geometrical model.!” These
latter values were used in extrapolating the flux to the
top of the stack. In determining the total number of
heavy nuclei incident on’ the stack, the distance
traversed in emulsion from.the point of entrance to
each scan area in which a particle was found was taken
into account. In the following table the number of
independent particles found and the number crossing
1 meter? vertical area at flight altitude during the
whole time of flight are given for each charge group.

Az=9.1 cm,

No. of indep. No. of particles per
Charge group particles m? vertical area
L (3<ZKY9) 72 0.771X10*
M (6<Z<9) 147 1.88 X10*
H (Z>10) 33 0.508X10*

FLUXES AT THE TOP OF THE ATMOSPHERE

One of the reasons for discrepancies between the
results of various authors as far as the fluxes at the top
of the atmosphere are concerned is the extrapolation
procedure to the top of the atmosphere. Since a separate
paper™ is devoted to a discussion of this aspect, no
detail of the procedure used in the present work will
be given here.

Two sets of fragmentation probabilities were used in
the extrapolation to the top of the atmosphere; those
given by Noon and Kaplon and those given by
Rajopadhye and Waddington.'+*® Not enough inter-
actions were observed in the present work to allow an
independent determination of these parameters, but
they seem to indicate that the results of the Bristol
workers are essentially correct. The values of both
sets of fragmentation probabilities in air as well as the
absorption mean free paths in air used are given in the
Appendix.

Table IIT lists the fluxes derived at the top of the
atmosphere. Column 1 was calculated using the Bristol
fragmentation probabilities, Column 2 using the Roch-
ester fragmentation probabilities, and Column 3 neg-
lecting fragmentations in the atmosphere above the

TasLE II. Charge-indicating interactions.

Charge
Min Assigned by é-ray

Evap.
No. tracks Alphas tracks charge count Remarks

1 min track at wide angle
2 min tracks at wide angles
1 min track at wide angle
5 min tracks at wide angles
1 min track at wide angle

SORIAUIB NN =
COROOOOrROO
WNNNNN - -O
N N=ANINW
NN NN IR W
AR AN AR
Nk

—-

17 J, H. Noon and M. F. Kaplon, Phys. Rev. 97, 769 (1955).
( 18V, Y. Rajopadhye and C. J. Waddington, Phil. Mag. 3, 19
1958).
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Tasire III. Fluxes of this work extrapolated to the top of the
atmosphere, All fluxes in particles/m? sec sterad.

Frag. . Ceiling Tot. time
prob. Total time time 0<45°
used Bristol*  Rochesterb None Bristole Bristole
Nuo(6£70°) 2. 19 +0.38 2.19+0.38 2.194-0.38 2.294-0.40 1.63:0.37
N 5.60+0.58 6.05+0.56 6.70-£0.55 5.89+0.61 6.1840.70
N_po 1 68 +0.32 0.45+0.36 2.62+0.31 1.94:40.33 1.1840.34
Nat 90.94+:8.0 89.248.0 985479 945483 90.3+10.1

a See reference 18.
b See reference 17.
¢ See reference 14.

stack. Column 4 was calculated using the Bristol
fragmentation probabilities but assuming all the par-
ticles entered the stack while at ceiling altitude (no
ascent correction); Column 5 using the Bristol frag-
mentation probabilities but accepting only particles
with zenith angles of less than 45°. The errors quoted
are standard deviations, based only on the number of
independent particles observed in the stack. Wherever
fragmentations were taken into account, the errors in
the fluxes of higher charge groups were propagated.

A comparison of columns 1, 2, and 3 shows the de-
pendence of the extrapolated flux on the fragmentation
probabilities used. It is seen that whereas the variations
due to different fragmentation corrections in the flux
of M nuclei and a-particles”are of the order of 109,
the differences between the extrapolated fluxes of L
nuclei are very large. Although column 2 suggests that
L nuclei are less abundant by a factor of 10 than M
nuclei, it still indicates a finite amount of Li, Be, and B
incident on the top of the atmosphere. The results of
the present work are however incompatible with the
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view that L nuclei are as abundant as M nuclei in the
cosmic radiation.?

Column 4 has been calculated in order to estimate the
influence of the ascent time on the final flux. Wadding-
ton® has recently proposed a correction to fluxes calcu-
lated on the basis of ceiling altitude only in order to
take into account particles entering the stack during
ascent time. In the present work no correction of this
kind was necessary since all of the flight curve was
approximated by a series of straight lines (see refer-
ence 14). It is seen that except for L nuclei, where the
ascent introduces a correction of 159, the difference is
only of the order of 4%,.

Table IV lists the results obtained by other workers
on the primary a-particle flux, which are intrinsically
comparable with those of the present work. Thus
fluxes obtained over Texas, \=41°N, and over northern
Italy, A=46°N, are listed, the latter value being in-
cluded since it has been pointed out'®? that the cut-
off energy at both locations might be roughly the same.
It is seen that most of the work was done with counter
equipment. In those cases where no allowance was made
for contributions from fragmentations of heavy nuclei
in the atmosphere the quoted values should probably be
decreased by about 109%,. It is seen that all the data
agree with each other to within one standard deviation.

Table V lists the relative abundance of heavy nuclei
found in emulsions by several‘authors. The experiments
listed in this table were performed over Texas or over
northern Ttaly. Assuming the same energy cutoff at
both locations, the relative abundances should be a
function of altitude and zenith angle cutoff only. Since

TasLE IV. Flux determinations on primary a-particles at A=41°N over Texas and at A=46°N over northern Italy.
All fluxes in particles/m? sec sterad.

Month and
year of

Author Method Frag prob used flight Na? Location
Perlow et al.® Proportional counters None 2-50 110420 Texas
Bohl? Double scintillator None ? 88410 Texas
Horowitz® Cerenkov counter None 2-54 99416 Texas
Webber and McDonaldd Cerenkov counter None 2-54 8249 Texas
Linsley® Cerenkov ctr.4cloud chmbr. None 2-54 88+8 Texas
McDonaldf Cerenkov ctr.+scintillator Rochesteri 1-55 8749 Texas
Webbers Cerenkov ctr. Rochesteri 1-55 74+5 Texas
O’Brien and Noonk Emulsions Rochesteri 2-56 102415 Texas
Present work Emulsions Rochesteri 2-56 8948 Texas

Bristol* 9148

Fowler and Waddington! Emulsions Bristol® 9-54 938 N. Italy

a G. J. Perlow et al., Phys. Rev. 88, 321 (1952).
b 1. Bohl, Ph.D. thesis, University "of anesota 1954 (unpublished).
¢ N. Horowitz, Phys. Rev. 98, 165 (1955
dW. R. Webber and F. B, McDonald, Phys Rev. 100, 1460 (1955).
° J. Linsley, Phys. Rev. 101, 826 (1956
f F. B. McDonald, Phys. Rev. 104, 1723 (1956).
g See reference 13.
b B, J. Q'Brien and. J H. Noon, Nuovo cimento 4, 1285 (1956).
i P, H. Fowler and C. J. Waddington, Phil. Mag. 1, 637 (1956).
i See reference 9.
k See reference 14.

1 C, J. Waddington, Nuovo cimento 6, 748 (1957).

2 Simpson, Fenton, Katzman, and Rose, Phys. Rev, 102, 1648 (1956).
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TaBLE V. Relative number of particles with Z>3 found in
emulsions at A=41°N over Texas and at A=46°N over northern
Italy. (The numbers are quoted in percentages of the total
number of particles found with Z>3.)

Depth in Zenith

Authors g/cm?  cutoff Be B C
R 8.5 90° 7.0+1.8 148427 27.0%3.9
B 12 60° 71417 11.8+2.3 25.143.5
C 9 30° 8.74+1.7 10.942.0 25.043.2
T 17 90° 10.0+:1.7 14.14+2.1 29.843.2
S 8.5 45° 93431 27.845.7 259455

Depth in Zenith

Authors g/cm?  cutoff N o) F Z210
R 8.5 90° 16.5+£2.9 13.5+2.6 7.04£1.8 14.4:42.7
B 12 60° 16.142.7 13.84+3.0 3.5+1.2 17.742.9
C 9 30° 16.742.5 154424 2.24+0.8 21.2+42.9
T 17 90° 11.6+£19 9.5+1.7 5.1+£1.2 20.0+2.5
S 8.5 45° 3.7+1.9 74427 3.7+£19 22.245.0

Depth in Zenith

Authors g/cm?  cutoff Be+B C N+4+O+F ZzZ210
R 8.5 90° 21.84+3.4 27.043.9 37.0+4.7 144427
B 12 60° 18.84-3.0 25.1£3.5 384:4+4.6 17.7+2.9
C 9 30° 19.6+2.7 25.043.2 34.34+3.8 21.2429
T 17 - 90° 24.042.8 29.84+3.2 26.242.9 20.04=2.5
N 8.5 45° 37.0+6.9 25945.5 14.844.0 22.245.0

a R =Rochester, present work; B=Bristol (reference 9); C =Chicago
(reference 12); T =Torino (reference 11); S =Sydney (reference 10).

most observers admit low detection efficiency for Li,
the numbers quoted are percentages of all particles
with Z2>4. The errors quoted are standard deviations.
Although different methods of charge determination
were used in the different experiment, the agreement on
the relative abundance of elements in the emulsions is
seen to be excellent with the exception of the results
of the Sydney group. (Since the stack used by the
Sydney group was exposed on the same flight with the
stack used in the present work, the difference in the
results is rather hard to understand.) The relatively
high abundance of L nuclei found by the Torino group
seems to reflect the increase in flux of these elements
with decreasing altitude. The general agreement on the
relative abundances is especially striking since previous
experiments did not show any agreement whatever, and
shows the vast improvement of charge determination
techniques in recent years.

Table VI lists the extrapolated fluxes at the top of
the atmosphere at both locations and by authors using
stripped emulsions. Earlier work has not been included
because of the much higher tracing efficiencies available
in stripped emulsions. It is seen that all recent flux

TasLE VI. Fluxes at the top of the atmosphere
(particles/m? sec sterad).

Frag. prob.

Author» used N Na® Ny
B BristolP 2.3+0.4 6.10.6 2.540.3
R Rochester® 0.5+04 6.1+0.6 2.24+0.4

Bristol® 1.740.3 5.60.6 2.2+£04
S Rochester® 3.5+£0.5 5.540.8 2.6+0.6
T Torinod 1.7+0.4 5.540.4 2.84+0.4

a B=Bristol (reference 9); R =Rochester, present work; S =Sydney
(reference 10); T'=Torino (reference 11).

b See reference 18.

e See reference 17.

d See reference 11.
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determinations are in agreement, with the exception of
the Sydney results.}

REMARKS ON GEOMAGNETIC THEORY

The observation of equal fluxes at geomagnetic lati-
tude 41°N over Texas and at geomagnetic latitude
46°N over northern Italy indicates that the magnetic
field as seen by the cosmic radiation cannot be given by
the usual fixed centered dipole field as observed on the
earth’s surface. Several other experiments both at sea
level and at high altitude support this view.2=2¢ Thus
the energy spectrum of the primary cosmic radiation
cannot be reliably deduced from a comparison of fluxes
measured at different, theoretical, geomagnetic cutoff
energies.

The influence of the earth’s shadow in geomagnetic
theory can also be tested with the help of flux measure-
ments. Figure 4 shows the variation of the flux 7(f)
with zenith angle 6; here 7(9) is the number of particles

]

1(6) ARBITRARY UNITS

1 1 1 1 1 1 1 1 1 1
0 [ 20 30 40 50 €0 70 80 S0

ZENITH ANGLE ©

Fic. 4. Variation of the flux with zenith angle (a) using Stérmer
theory only; (b) including the earth’s shadow effect.?®

having a zenith angle 6 crossing unit area normal to the
direction of motion per second per steradian, averaged
over all azimuth angles. 7(f) was calculated assuming
an integral energy spectrum of the form £-1¢ (E is the
total energy per nucleon of the incoming particles) and
the cutoff predictions of (a) Stérmer theory only
(b) Stérmer theory plus earth’s shadow cone at geo-
magnetic latitude of 40°, as given by Alpher.? It is seen
that the shadow effect is rather small for zenith angles
below 45°, but that it increases sharply at higher zenith

T Note added in proof.—Appa Rao, Biswas, Daniel, Neelakantan,
and Peters [Phys. Rev. 110, 751 (1958)7] find essentially no light
elements in an emulsion stack flown on the same flight as the
present work. They use a quite different extrapolation procedure
ind obtain a medium flux about 25% higher than that reported

ere.

21 C, J. Waddington, Nuovo cimento 3, 930 (1956).

22 P, H. Fowler and C. J. Waddington, Phil. Mag. 1, 637 (1956).
(1”516))anielson, Freier, Naugle, and Ney, Phys. Rev. 103, 1075

956).

2# R, E. Danielson and P. S. Freier, Phys. Rev. 109, 151 (1958).

2 R. A. Alpher, J. Geophys. Research 55, 437 (1950).
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angles. Using the curves of Fig. 4, one expects a differ-
ence in the extrapolated fluxes depending on whether
only particles of zenith angle less than 45° are included
or all particles are taken. The expected difference is

NI (omax= 45 O) - N[ (()m&x= 900)

=0.13.
NI (emax= 450) +NI (oma,x= 900)

By comparison of columns 1 and 5 in Table II it is
seen that no such effect was observed in the present
work. The weighted average of the experimentally
determined differences is

NZZ?(amn=45°)—NZZ2(0max= 900)
NZZ2(0mﬂ-x=450)+NZ22(0max=90°)

=0.0240.015.

Although the errors in the above numbers may be
slightly underestimated, the result is definitely in dis-
agreement with the predictions of the earth’s shadow
effect. These predictions are also in disagreement with
observations of the azimuthal asymmetries of cosmic
ray fluxes.* Recent calculations by Schwartz?6 indicate
that the original calculations of the earth’s shadow
effect were in error.

REMARKS ON THE ORIGIN OF THE
COSMIC RADIATION

In the extrapolation of the fluxes observed at the
top of the atmosphere to the origin, it is assumed that
the origin of at least the greater part of the cosmic rays
observed in the present work is located near the center
of the galaxy. It has been shown by Ginzburg? that
an assumption of a uniform distribution of sources
leads to a greater relative abundance of light elements
than observed at the top of the atmosphere. The
extrapolation procedure used in the present work is
due to Ginzburg.?

Cosmic rays emanating from a point source are
assumed to diffuse through the whole volume of the
galaxy and the galactic halo. In the estimation of the
diffusion constant D, it is assumed that magnetic fields
are constant over a certain effective length / after which
they are essentially changed. This effective length is
taken to be of the order of the distance between gas
clouds, 3X10%® cm, yielding a diffusion constant of
D=3lv=3X10*" cm/yr. Using this constant diffusion
coefficient and taking into account the fragmentations
of heavy nuclei, the diffusion equations are

E)Nk(r)=£_(~)_(r 0Nk(f))_Nk(f)
ar Tk'

at r2 or
k=1 P; xN(7)
+2 “—T—‘~—+Qk5(f) =0,

i=1 ’
26 M. Schwartz (private communication).
27V. L. Ginzburg, Progress in Cosmic-Ray Physics (to be
published).
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where N;(7) is the number of nuclei of type k per unit
volume at 7; Ty is the interaction mean free time
(i.e., the time needed to traverse an interaction mean
free path); T’ is the absorption mean free time;
P;: are the fragmentation probabilities (i.e., the
average number of nuclei of type & emitted from an
interaction of a nucleus of type 7); and Q is the source
strength (the number of particles of type %k formed at
the source per unit volume and time). The solutions to
these equations are

N @ ’
W= [— (DTY) ]
k—1 . Qi r
+Z D [41rDr P (_ (DTk')%) N"(r)]’
where

k—i—1

Dyi=Bu(Pir+ 2 Pir—iDiF ),
=1

1 1,77
Ba= [T i("“""‘— ] .
Til Tk,

The above equations are valid for differential energy
intensities. They are valid for integral energy intensities
only under the assumption that the fragmentation
probabilities are energy independent.

In the derivation of the mean free times, experimental
values for the cross section of protons on heavy nuclei
quoted by Rajopadhye and Waddington!® have been
used. A density of 0.1 atom/cc has been assumed for
interstellar matter (to take into account the low density
in the galactic halo) and a composition of 909, H and
10% He by number was assumed for interstellar gas.
Following are the mean free paths and mean free times
used in the extrapolation:

H M L a
10725\ (in cm) 2.08 3.88 5.78 9.85
107X\ (in cm) 2.93 426 6.25 10.03
10-8X T (in yr) 0.22 0.41 0.61 1.04
10-8X T” (in'yr) 0.31 0.45 0.66 1.06

For fragmentation probabilities the following values
were used :

Pu,m Py, 1 Py, Py, Py Pra
A 0.36 0.64 2.28 0.49 2.08 1.97
B 0.36 0.02 0.57 0.05 1.26 0.66
C 0.36 0.27 1.79 0.34 1.60 1.50
D 0.36 0.11 1.12 0.26 1.57 1.25

The following densities were used (7o is the source-
earth distance):

Nu(ro) Na(ro) Ni(ro) Na(ro)
I 2.2 5.6 1.7 91
II 2.2 6.1 0.5 89

The distance of the source from the earth can be



604

TaBLE VII. Source abundance ratios of primary nuclei for diff-
erent assumptions concerning primary flux (I and II), source-
earth distance (7o), and fragmentation probabilities (A, B, C, D).

Flux at the top Set of
of the atmos- Pi,j 1072 Xy,
phere used used (incm) Qw/Qm Qa/Oum Qa/(Qu~+QOn)
I A 1.9 0.48 13.5 9.17
I B 10.9 1.8 10.6 3.77
I C 3.3 0.56 12.4 7.97
II A 0.55 0.57 25.5 16.2
II B 3.0 0.49 11.9 7.97
II C 1.0 0.40 13.4 9.58
II D 1.5 0.62 215 133
Suess and Urey
cosmic abundances 0.375 96.0 70.0

derived from the equations by assuming Qr=0. This
assumption is reasonable in view of the absence of these
light elements in tables of cosmic abundances,?® sup-
ported by theories of the formation of elements.? The
result of the calculation is given in Table VII for various
combinations of Ni(ro) and P; ;. For each of these
distances the abundance ratios of the groups at the
source have been calculated and compared with the
ratios derived from the cosmic abundance of elements
given by Suess and Urey.?®

An examination of the diffusion equations shows that
the results are rather independent of the choice of
values for the diffusion coefficient D or for the density
of interstellar matter. A change by a factor of 10 in
either of these parameters will change the distance 7,
by a factor of (10)¥~3, but will not affect the relative
source strengths. Sets 4 and B of the fragmentation
probabilities are upper and lower bounds of the values
given by the Chicago and Bristol groups,'?® and most
probably are exaggerated. Set C is the average of the
sets given by the two groups and seems to be a reason-
able approximation to the true values. Set D was used to
get a reasonable upper limit on the source distance when
the fluxes of set II having very little L abundance are
used. Sets I and II of the fluxes seem again to be upper
and lower limits on the abundance of L nuclei at the
top of the atmosphere. Since reflection at the boundaries
of the galaxy is not included in the diffusion equations,
the calculated distances are probably slightly too large.

Since the center of the galaxy is at a distance of
2.5X10% cm from the solar system, our assumption of
a concentration of sources near the center seems to be
justified by the results. The source strength ratios are
in no case in agreement with the abundance ratios given
by Suess and Urey.?8 In all cases the relative abundance
of alpha particles in the cosmic-ray source is much
smaller than is expected from the cosmic abundances.
On the other hand, the calculated relative source
strength of alpha particles is too high to allow for a
source of heavy nuclei only. Investigations leading to

( 28 H) E. Suess and H. C. Urey, Revs. Modern Phys. 28, 53
1956).

2 Burbidge, Burbidge, Fowler, and Hoyle, Revs. Modern Phys.
29, 547 (1957).
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the hypothesis of a source consisting entirely of heavy
nuclei most probably did not take into account the
alpha particle fluxes observed. It appears that this is a
very critical aspect of the problem.

It has been customary to use a one-dimensional
extrapolation rather than the radial diffusion equations
given above, in extrapolations to the origin of the cosmic
radiation. The main difference between the two methods
is that the radial diffusion equations yield a straight-
line distance between the origin and the earth, whereas
the one-dimensional extrapolation yields the mean path
traversed by the cosmic radiation. Using the same
parameters in both equations, the latter path length is
greater by a factor of 10° than the straight-line distance.
However, the relative abundances at the origin, defined
as the position at which the intensity of L nuclei
vanishes, as well as the mean life-time of the cosmic
radiation are the same irrespective of the way the
extrapolation is done.

It is apparent from the results given in Table VII
that the origin of cosmic rays cannot be explained in
terms of the relative abundance of elements in stellar
atmospheres. The way to a better understanding of the
source of cosmic radiation most probably leads through
a knowledge of the relative abundance of elements in
the cosmic radiation at large distances from the earth.
It seems that the frequency of occurrence of elements in
the cosmic radiation (as observed at the earth) is even
harder to understand in terms of the cosmic abundance
of elements than is shown in the above table. Thus it
appears that the ratio C:N:O is inverted in the cosmic
radiation with respect to the cosmic abundance tables.
Furthermore it seems that F is abundant in quantities
comparable to the other medium nuclei in the cosmic
radiation whereas it is essentially absent in cosmic
abundance tables. These data, however, have still to
be extrapolated back with the help of fragmentation
probabilities for individual nuclei, before any definite
statements can be made. At the present stage of our
knowledge of fragmentation probabilities this cannot
be done.

ACKNOWLEDGMENTS

The authors wish to thank the Office of Naval
Research and especially Commander R. C. Cochrane
for sponsoring the balloon flight. It is a pleasure, too,
to acknowledge the work of the Engineering and
Development Department of General Mills, Inc., in
connection with the flight. For their assistance in
scanning, the authors are grateful to Mrs. John Allyn,
Miss Elaine Beyo, Mrs. R. A. Hawrylak, Mrs. Joseph
Klarmann, and Mrs. John Rutherford.

APPENDIX

The following parameters were used in the extrapola-
tion to the top of the atmosphere.
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(a) Interaction mean free paths (in air):
Ar=18 g/cm?; Ax=26.5 g/cm?; Ar=31.5 g/cm?.
(b) Absorption mean free paths (in air) :
M=\/(1—Pm);

Ag'=24 g/cm?; Ay'=30.5 g/cm?; Ap/=34.0 g/cm?;
A’=45.0 g/cm?.
(c) Fragmentation probabilities (in air):
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Bristol values (B)18:

Pun=046; Pyp=021; Pg.=123;
Pu1=023; Paa=127; Pr.=0.79.
Rochester values (R)!7:
Puyyu=027; Pypr=048; Pg,=2.07;
Pur=042; Py.=142.
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A quantitative estimate is made of the branching ratio between two-body and more complicated mesonic
decay modes for AHe* and sH¢, as function of their spin J and the ratio $/s of the s- and p-channel amplitudes
in free A decay. Comparison with the data on sH* decay indicates that J=1 is rather improbable and that,
with J=0, an upper limit on p/s is about unity, a lower limit of 0.45 being obtained from the observations
on up-down asymmetry in polarized A decay. The theoretical and experimental values for the nonmesonic/
mesonic ratio in hypernuclear decay are compared in the light of these limits on p/s. Assuming validity of
the AT =1 rule, the variations in the =~ /=9 ratio for decays of light hypernuclei (Z<2) due to the effect of
the Pauli principle are also estimated. A brief discussion of AH? decay is given in an appendix.

1. INTRODUCTION

LANO et ol.! and Crawford et al? have recently
established that the decay pions from A — p47—
decay events following the 7=+ — A+ K° production
reaction in the energy range 950 to 1100 Mev are
emitted with a marked up-down asymmetry relative
to the normal to the A+K° production plane. The
existence of this asymmetry establishes both that this
reaction produces A particles with a strong polarization
perpendicular to their production plane, and that the
A — p+7 decay process does not conserve parity. In
fact, as Lee and Yang? have pointed out, the asymmetry
observed exceeds the maximum value permitted (with
the angular distribution observed in the A rest system)
for a A spin of £ or greater, being compatible only with
spin % for the A particle. Parity nonconservation in the
decay of a spin-} A particle allows the emission of both
s and p waves for the outgoing pion, and the decay
amplitude will have the general form

H (A—>p+vr‘)v=s+ﬁv-q/qm (1.1)

where q is the momentum of the decay pion in the A
rest system (g its value for free A decay), ¢ denotes

1 Plano, Prodell, Samios, Schwartz, Steinberger, Bassi, Borelli,
Puppi, Tanaka, Waloschek, Zoboli, Conversi, Fronzini, Manelli,
Santangelo, Silvestrini, Glaser, Graves, and Perl, Phys. Rev. 108,
1353 (1957).

2 Crawford, Cresti, Good, Gottstein, Lyman, Solmitz, Steven-
son, and Ticho, Phys. Rev. 108, 1102 (1957).

3T, D. Lee and C. N. Yang, Phys. Rev. 109, 1755 (1958).

the baryon spin vector, and s, $ denote the amplitudes
for the I,=0 and l,=1 channels, respectively. With
this expression (1.1), the angular distribution of the
pions from decay of polarized A particles takes the form

(14-aPy cosh), (1.2)

where 6 is the polar angle of the outgoing pion relative
to the initial spin direction, P, is the mean polarization
of the parent A particles, and o denotes the com-

bination
a=2Re(s*p)/(|s|*+|p(?), (1.3)

whose value is a property of the detailed mechanism
giving rise to the A-decay process. From the experi-
ments mentioned above, only the combination aPj
can be determined. The value obtained, averaged over
all production angles for the A particles, is given by

aPy=0.55-0.10. (1.4)

The parameter —a also gives the value of the mean
longitudinal polarization for the protons recoiling from
A decay, this polarization being specified in the A rest
system and averaged over all directions of decay. For
A particles which decay in flight, the recoil protons
observed in the laboratory system will then generally
have a transverse component of polarization resulting
from their longitudinal polarization in the A rest system
and this may be measured by observations on the
left-right asymmetry in their scattering from a target
of known polarization properties in the standard way.



