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The energy spectrum of nuclei with Z> 13 has been determined using the knock-on electron method in a
stack of nuclear emulsions flown on 4 February 1959 from Texas, U.S.A. (A=41°N). In the interval of
kinetic energy from 1.5 to 10 GeV /nucleon, the exponents of the integral energy spectra for nuclei with charge
Z>13, 13 Z< 16 and for those with Z> 17 have been determined to be 1.70+£0.30, 1.85_0.207°%, and
1.55_9.30+®, respectively. From this and other similar experiments it is surmised that within the experi-
mental uncertainties the observations are consistent with the assumption that the energy spectra of all the
components of the primary cosmic radiation have the same exponent; also the exponent seems to be the
same during solar minimum and during solar maximum. The flux of nuclei with Z>> 10 has been obtained
as 1.264-0.09 particles/m? sec sr and that of nuclei with Z2>20 as 0.39+0.06 particle/m? sec sr. These
values are ~509%, lower than those determined over Texas during solar minimum.

1. INTRODUCTION

HE energy spectra of multiply charged nuclei of

the primary cosmic radiation have been deter-
mined in the past by using a number of techniques:
from the vertical flux values at the top of the atmosphere
at different geomagnetic latitudes as deduced from ob-
servations made at balloon altitudes!; by directly de-
termining the energies of individual nuclei from
measurements of multiple Coulomb scattering on the
tracks produced by them in nuclear emulsions?; and
from the characteristics of the disintegrations produced
by the heavy nuclei.®~® In a previous paper, Biswas ef al.®
have discussed the limitations of the above procedures
and reported a different method in which the energies
of multiply charged nuclei were obtained by measuring
the angles and energies of electrons which they ‘“knock
on” in elastic collisions in traversing nuclear emulsion.
In that investigation, the conditions under which the
primary energy could be estimated reliably by the
knock-on electron technique were described. The
validity of this method has been further demonstrated
in an investigation by Jain.” Using this technique
Biswas ef al. obtained for the exponent m of the integral
energy spectrum [N (2 E)=C/(14+E)™, where E is the
kinetic energy per nucleon in GeV] a value of 1.654-0.27
for the M nuclei (6<Z<9) in the energy range 0.23
to 9.0 GeV/nucleon, and 1.824-0.59 for the H nuclei
(Z210) in the energy range 0.41 to 9.0 GeV/nucleon.
They concluded that in the above energy interval, the
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form of the energy spectra for the different groups of
multiply charged nuclei of the primary cosmic radiation
could be considered to be the same within experimental
errors.

From an analysis of the flux data available at the
beginning of 1957, Singer! suggested that the energy
spectra of the various primary components are not all
the same and that the exponent was a function of
charge, increasing with increasing Z. He obtained values
of m as 1.15 for protons, 1.6 for a particles and M nuclei,
and 2.0 for H nuclei.

In the previous investigation reported from this
laboratory® the number of tracks due to H nuclei on
which measurements were carried out was not sufficient
to determine whether there was any detectable differ-
ence between the spectra of the M and H nuclei as
suggested by Singer. Hence, it was felt that it would be
worthwhile to study the energy distribution of H nuclei
with greater statistical weight. Further, it was con-
sidered that it would be of interest to investigate
whether there is any modulation of the energy spectrum
of the primary cosmic radiation due to increased solar
activity at solar maximum. It is now well known that
the largest modulation effects occur at the lowest
energies, below 1 GeV/nucleon. It is of importance,
however, to determine the behavior of the modulation
at higher energies to extract information which may be
useful for any proposed model of the modulating
mechanism.

In this paper, we describe measurements made on 178
tracks of nuclei with Z2> 10 to determine their charge
and energy spectra at a time near solar maximum. The
energy spectrum of these nuclei has been determined in
the energy range 1.5 to 10 GeV/nucleon.

2. EXPERIMENTAL PROCEDURE
2.1 Emulsion Stack Used

The experiment was carried out using an emulsion
stack which consisted of 58 Ilford G5 pellicles flanked
on either side by 1 K0, 1 G5, and 1 C2 pellicle, Each of
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the pellicles had dimensions, 15 cm X 20 cm X600 u. This
stack was flown from Texas (A\=41°N) on 4 February
1959, and it floated under 5.3 g/cm? of residual air for
6 h and 35 min. At launch the plane of the emulsions
was horizontal but 15 min after the balloon reached
ceiling altitude it was turned such that the 20-cm side
was vertical.

The time-altitude curve is shown in Fig. 1.

The emulsions were developed by the usual tempera-
ture cycle method. After development it was found that
the KO and C2 emulsions were not useful for measure-
ments owing to excessive fogging. Hence, only the
central 58 G5 emulsions were used in this experiment.

2.2 Selection Criteria for Tracks

The central regions of the two outside emulsions (21
cm from the processed edges) were scanned for tracks of
heavy nuclei which satisfied the following criteria: (a)
ionization greater than that of a relativistic beryllium
nucleus; (b) projected track length > 1.0 mm/plate;
(c) zenith angle <90°.

Tracks satisfying the above conditions were followed
through successive emulsions, till they interacted or
passed out of the stack. In the case of interactions, if
any of the fragment products of the incoming nucleus
had an ionization greater than that of a relativistic
boron nucleus, it was followed further until it interacted
or left the stack.

Charge determination was then made on those tracks
with (a;) ionization greater than or equal to that of a
relativistic fluorine nucleus; (b;) projected track length
2 1.1 mm/plate; (c1) zenith angle <45°,

Of the tracks satisfying conditions (a;), (b:), and (c1)
those obeying the following additional criteria were
selected for energy determination: (i) ionization greater
than or equal to that of a nucleus with Z>13; (ii) avail-
able track length for measurements, before the particle
interacted or left the stack was >1 cm.

In addition, three lines were scanned, one along the
top edge and one each along the two vertical edges of
each pellicle for tracks of heavy nuclei which satisfied
the following criteria: (a) ionization greater than or
equal to that of a relativistic fluorine nucleus; (bz) pro-
jected track length >1.1 mm/plate; (cz) zenith angle
<60°.

The tracks obtained in the additional area were used
for the determination of the energy spectrum; these
scans were made at a distance of 5 mm from the proc-
essed edges.

The scanning efficiency was checked by a second ob-
server rescanning 89.48 cm? of the area originally
scanned. It was found that for tracks satisfying the
conditions (ai), (b:), and (ci1) mentioned above, the
efficiency was 929, while for tracks with Z>20 it
was 10097.
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2.3 Estimation of Charge

The effective vertical geomagnetic cutoff energy at
the flight latitude (A=41°N) has been deduced to be
1.5+£0.1 GeV/nucleon by Freier et al.8 Hence all primary
particles entering the stack can be considered to be
relativistic. Since ionization due to these particles is
directly proportional to Z?, the charge of each particle
was obtained by counting ‘“long & rays” on its track. In
this convention, all 6 rays which projected outside two
parallel straight lines 2.5 u on either side of the primary
track were counted. A minimum of 200 such & rays was
counted on each track with Z>10. The consistency in
counting was better than 49; this was checked fre-
quently by measurements on standard tracks. The
charge of each particle was obtained from the relation
Ns=aZ’+b, where N; is the number of “long § rays”
per 100 x and @ and b are constants. Initially, a charge
calibration curve for the standard convention of count-
ing & rays, (i.e., 8 rays with 4 or more grains) was ob-
tained by using relativistic « particles and suitable
“charge indicating interactions” caused by nuclei with
charges 5, 7, and 9 (interactions in which ¥,=0 and
no mesons are produced). This calibration curve was
used to build up a calibration curve for “long 6 rays”
using additional interactions caused by nuclei with
charge 14, 15, and 19. The calibration curve for the
“long 6 rays” convention yields ¢=0.0307 and =0.045.
This curve was, then, extrapolated up to Z=26. Con-
sidering that the minimum number of 8 rays counted on
each track was only 200 and the fact that in the §-ray
density obtained for a single charge at A\=41°N there is
a spread of ~209,° the charges assigned by us here
could be in error by at most one unit of charge for Z up
to 20. In the absence of suitable calibration events, the
charges assigned to particles with Z>20, could be in
error by one or even two units of charge.

8 P. S. Freier, E. P. Ney, and C. J. Waddington, Phys. Rev.
114, 365 (1959).
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2.4 Estimation of Energy

The energy per nucleon of nuclei traversing the whole
stack or interacting in the stack after a distance of 1 cm,
was obtained by the “knock-on electron’ technique. In
a previous investigation,® the conditions under which
the primary energy can be estimated reliably by this
technique have been established. The method of scan-
ning for knock-on electrons, criteria for their acceptance
and the procedure for calculation of error on the primary
energy have been discussed in detail in this paper. The
same procedures were adopted in the present experiment.

The energy per nucleon of a primary nucleus can be
determined from measurements of the angle of emission
and the energy of the knock-on electron by using the
relation :

.Ye_*,_l 1/2
= ————-——- , 1
e (2— (ye—1) tanzw) M

where y,=total energy per nucleon of the primary
nucleus in units of nucleon rest mass, y,=the total
energy of the knock-on electron in units of electron rest
mass and w=angle of emission of the knock-on electron
with respect to the direction of the primary particle.

A minimum of two knock-on electrons was measured
on each primary track and from each of these the
primary energy v, was evaluated. If these two values
of the primary energy were not consistent with each
other within two standard deviations, measurements
were made on a third knock-on electron, and the value
of the primary energy was again calculated. Thus
(except in a few cases where measurement on a fourth
knock-on electron was necessary), there were at least
two values of the primary energy which were consistent
with each other within two standard deviations. This
was done to avoid some sources of uncertainty which
could lead to wrong values for the primary energy;
these have been discussed in detail earlier by De Marco
et al.’® and Biswas et al.® The final value of the primary
energy was obtained from the mean of two or more
estimated values which were consistent with each other.
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3. RESULTS AND DISCUSSION
3.1 Charge Spectrum

In an area of 490 cm? 178 tracks due to nuclei with
Z 210 were found to satisfy the conditions (b;) and (c;)
mentioned in Sec. 2.2. The charge spectrum of these
nuclei is plotted in Fig. 2. Up to Z=20, the resolution is
fairly good; there seems to be an excess of nuclei with
even charge over those with odd charge up to Z=16, as
has been observed in previous experiments."—1¢ Further,
as observed by earlier workers,'®1518 nuclei with charges
17, 18, and 19 seem to have a low abundance; this
aspect has been particularly demonstrated and discussed
in the report of a recent investigation completed in this
laboratory.'” The charge spectrum seems to be un-
affected by the increase in solar activity.

3.2 Energy Spectrum

It is seen from Fig. 2 that there are 123 tracks with
Z>13.0. From the additional area scanned we obtained

TasLE 1. Energy Distribution of Nuclei with Z>13.

Kinetic energy

interval No of tracks Corrected number
GeV/nucleon measured of particles
<1.0 2 242
1.2-1.5 18 21.75
1.5-2.0 21 25.39
2.0-2.5 19 22.95
2.5-3.0 18 21.75
3.0-4.0 13 15.71
4.0-6.0 15 18.12
6.0— 14 16.91
Total 120 145.00

27 more tracks of particles with Z> 13, thus making a
total of 150; 13 of these particles interacted or left the
stack before traversing 1 cm inside the stack and hence
no energy measurement was done on these. In addition,
it was established that 5 tracks were due to nuclei which
entered the stack during the ascent of the balloon (the
direction of motion of each of these particles was deter-
mined from the direction of emission of the knock-on
electrons produced by them). The remaining tracks
were scanned for knock-on electrons according to the
criteria mentioned in the paper by Biswas et al.6 There
were 5 tracks which did not have any useful knock-on

I H. L. Bradt and B. Peters, Phys. Rev. 80, 943 (1950).

2 A. D. Dainton, P. H. Fowler, and D. W. Kent, Phil. Mag.
43, 729 (1952).

B R. R. Hillier and V. Y. Rajopadhye, Suppl. Nuovo Cimento
8, 520 (1958).

“ M. Koshiba, G. Schultz, and M. Schein, Nuovo Cimento
9, 1 (1958).

18V. Bisi, R. Cester, C. M. Garelli, and L. Tallone, Nuovo
Cimento 10, 881 (1959).

18 K. Kristiansson, O. Mathiesen, and B. Waldeskog, Arkiv
Fysik 17, 455 (1960).

" R. R. Daniel and N. Durgaprasad, Suppl. Nuovo Cimento
23, 82 (1962).
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electron tracks along the entire available length; in
addition, there were 7 tracks each of which had only one
useful knock-on electron track. Thus, a reliable value of
the primary energy based on at least two knock-on elec-
trons, as mentioned in Sec. 2.4 could be obtained only
for 120 tracks.

From the measured energy of the particle inside the
stackits energy at the entrance point was obtained using
the range-energy relation in emulsion for the most
abundant isotope of each element with charge Z from
10 to 26. These curves were calculated from the range-
energy relation for protons in GS emulsion given by
Barkas.!® In extrapolating the energy up to the entrance
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F16. 3. Differential energy spectrum for nuclei with Z > 13.

point in the stack, account was taken of the three
outside emulsions which were not used in this experi-
ment. Then, using the range-energy relation in air and
the amount of air (and packing material) traversed
before entering the stack, the energy of each particle at
the top of the atmosphere was obtained. (Since the
packing material traversed was small and was composed
of light material, it was directly added to the amount
of air traversed by the particle.) In extrapolating the
energy of a particle to the top of the atmosphere, it was
assumed that no loss of charge occurred in the air above
the stack. That this assumption is reasonable can be

18 W. H. Barkas, Nuovo Cimento 8, 201 (1958).
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Fi1G. 4. Integral energy spectra: (a) for nuclei with 13<Z<16;
(b) for nuclei with Z>17; (c) for nuclei with Z>13.

seen from the fact that even if we take an extreme case
of an iron nucleus with an energy of 1.5 GeV/nucleon
at the top of the atmosphere giving rise to a nucleus of
Z=10 just above the emulsion stack, the error in the
energy estimated is not more than 50 MeV/nucleon.

The numbers of particles observed in the various
energy intervals are shown in Table I. It was stated
earlier in this section that due to paucity of suitable
knock-on electrons and due to selectrion criteria, energy
measurements could not be made on 25 particles with
Z 213. These 25 particles have been distributed in the
ratio of the measured number in various energy inter-
vals. The corrected numbers are shown in column 3 of
Table I.

Figure 3 shows the differential energy spectrum of
nuclei with Z>13 over the kinetic energy interval 1.2
to 10 GeV/nucleon. The differential spectrum can be
represented by the relation:

dN/dE=C(1+4E)~ ), )

where dN is the number of particles in the energy inter-
val E to E+4dE, E=the kinetic energy in GeV/nucleon,
and C=a constant. A line fitted to the points plotted
in Fig. 3 using the method of least squares gives the
exponent (m-1) as 2.564-0.24; the error quoted is the
standard deviation. The integral energy spectrum of
nuclei with Z2> 13 is shown in Fig. 4. To obtain the best
value of (m) and its error in the integral spectrum we
have made use of the maximum likelihood method. A
plot of the likelihood function in arbitrary units is
shown in Fig. 5. This is approximately a Gaussian and
we obtain for the best value of (m) and its error the
value 1.70+0.30. The error quoted here is the probable
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F1c. 5. Plots of likelihood function for the exponents of energy
spectra: (a) for nuclei with 13<2<16; (b) for nuclei with Z>17;
(c) for nuclei with Z>13.

error. It should be mentioned here that the value of
(m+1) in a differential plot varies according to the
manner in which the particles are grouped into various
energy intervals though always within the limits of the
statistical error. But the maximum likelihood value
remains the same whatever be the differential grouping.
Hence, we consider the value 1.704-0.30 to be a better
representation of the value of the exponent in the
integral energy spectrum of nuclei with Z2>13.

A similar treatment has been carried out in the case of
the integral energy spectra of nuclei with 13<Z<16 and
those with Z>17. (About half the number of tracks
with Z2>13 which were suitable for energy measure-
ment have Z>17). In Figs. 4 and 5 are also included the
integral energy spectra and the plots of the likelihood
function for nuclei with 13<2<16 and for those with
Z217; we obtain for (m) for these nuclei the values
1.85_0.20™% and 1.55_0.30™%, respectively, where the
errors quoted are the probable errors.

Since nuclei with Z2>13 constitute about 709, of
nuclei Z2 10, the value m=1.704-0.30 will be regarded
in all further discussions as representing the exponent of
the integral energy spectrum of H nuclei (Z210).
Similarly, due to the low abundance of elements
17<Z<19 (Sec. 3.1), the value m=1.55_¢,307°2° will be
regarded as representing the exponent of the integral
energy spectrum of VH nuclei (Z220).

The value for the exponent of energy spectrum of
heavy nuclei, obtained in this investigation, refers to the
period of solar maximum and is, within limits of sta-
tistical errors, unchanged when compared with similar
values obtained in other experiments’=® at different
periods of solar activity. Further, in an earlier investiga-
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tion from this laboratory it has been shown' that there
is no significant change in the primary energy spectra
during a large Forbush decrease observed on 13 March
1956. These results indicate that for kinetic energy
> 1.5 GeV/nucleon, the exponent of energy spectrum
for heavy nuclei is not affected either by the long-term
variations of solar activity with the eleven-year cycle
or by large Forbush-type decreases.

A similar observation has been made by Guss,” who
measured the energy spectrum of a particles over Texas
on 8 February 1959, during solar maximum. His value
m=1.48_0.14t%17 in the kinetic energy range 1.5-7.5
GeV/nucleon is consistent with the value obtained by
Fowler and Waddington? in a period of nearly minimum
solar activity. However, this result, of Guss, is in dis-
agreement with the experiment of Freier e al.® who have
obtained the energy spectrum of o particles using a stack
of emulsions exposed over Texas on 19 October 1957,
and another one exposed over Minnesota on 31 August
1957. They found a value m=1.1740.14 in the range
of kinetic energies between 200 MeV/nucleon and
3 GeV/nucleon. However, the low value of m in their
experiment is most likely due to the fact that the
Minnesota flight took place during the time of a large
Forbush decrease and the points for low energy in the
spectrum were obtained from this flight. Thus, from the
above considerations, it seems that for kinetic energy
>1.5 GeV/nucleon, the exponent of energy spectrum
for a particles remains unaffected by the increase of
solar activity.

On the basis of the foregoing it is meaningful to make
a comparative study of the energy spectra of the differ-
ent components of the primary cosmic radiation, deter-
mined during different periods of solar activity. Our
values for the exponent (m) of H and VH nuclei are,
within statistical errors consistent with each other; they
are also consistent with similar determinations made for
a particles and M nuclei in various investigations in the
past, by direct energy determinations.?2=6\:2 Qur spectra
for nuclei with 13<Z<16 and for those with Z2>17,
seem to indicate a trend opposite to what would be
expected according to Singer’s' hypothesis. However,
we can only say that, within the limits of statistical
errors, the present data are not inconsistent with the
customary assumption that all the multiply charged
nuclei of the primary cosmic radiation have the same
energy spectra.

The conclusions arrived at above imply that the
exponent of energy spectrum is not subject to such large
scale variation as was reported by Pomerantz and
Witten® at the Kyoto meeting. In their Explorer VII

1S, Biswas, P. J. Lavakare, K. A. Neelakantan, and P. G.
Shukla, Phys. Rev. 118, 591 (1960).

20D. E. Guss (to be published).

2 P, H. Fowler and C. J. Waddington, Phil. Mag. 1, 637 (1956).

2 F. B. McDonald, Phys. Rev. 104, 1723 (1956).

% M. A. Pomerantz and L. Witten, in Proceedings of the Inter-
national Conference on Cosmic Rays and the Earth Storm, Kyoto,
1961 [J. Phys. Soc. Japan 17, Suppl. AIII, 40 (1962)].
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experiment they determined the flux of nuclei of charge
Z 26, at different geomagnetic latitudes, using an ion-
ization chamber. Assigning cosmic-ray cutoff rigidities
on the basis of centered dipole field approximation, they
obtained average values for the exponent over fort-
nightly periods; these values have considerable varia-
tion with time in the first several months for which the
results were presented. If these results are confirmed
by other workers in this field, our ideas about the modu-
lation of energy spectrum will have to be revised.

3.3 Flux Values

As mentioned in Sec. 3.1, in an area of 490 cm?, 178
tracks of particles with charge Z > 10 were found satisfy-
ing the selection criteria. This corresponds to a figure of
193.5 after scanning efficiency is taken into account. In
the scanning of the central area, it was observed that
out of 123 tracks of particles with Z2>13, 4 entered the
stack during the ascent of the balloon. This corresponds
to an ascent correction of 6.3 particles (of Z2> 10) to the
total of 193. 5. The flux at the top of the atmosphere
was obtained using the diffusion equation:

dN]] (x)

=(—1/Au)Nu(x), (3)

X

where Np(x) is the number of particles observed at
depth x# and Ay is the absorption mean free path of
H nuclei in air. We used the value of 27.6 g/cm? for
Apn, as given by Wassington.? We, thus, obtain for the
flux of H nuclei the value:

(J)o=1.2620.09 particles/m? sec sr.

We have 50 tracks due to particles with Z 2> 20. After
correcting for particles which entered the stack during
2 24

the ascent of the balloon and using Avp=17.2 g/cm??
we obtain for the flux of VH nuclei:

(Jv#)e=0.3920.06 particles/m? sec sr.

Our flux values and those from other investigations
are summarized in Table II.

Our flux values for # and VH nuclei at a time near
solar maximum are (5149)9, and (44+27)9, lower
than the corresponding values during the period of
minimum solar activity quoted in the fifth row of
Table IT from Waddington’s review? article. (The day
of our experiment, apart from being in a period of in-
creased solar activity due to the eleven-year solar cycle,
was a quiet day, as judged from the neutron monitor
data from Climax.) Such an effect has been observed
by previous investigators also. Freier ef al.25 observed in
the case of a balloon flight made on 19 October 1957,
that their value of the flux of H nuclei was lower than

% C. J. Waddington, in Progress in Nuclear Physics (Butter-
worths Scientific Publication, Ltd., London, 1960), Vol 8.

2 P. S. Freier, E. P. Ney, and C. J. Waddington, Phys. Rev.
113, 921 (1959).
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TasLE II. Comparison of flux during solar maximum
with that during solar minimum.
Flux (particles/m? sec sr)
(for particles with
kinetic energy
>1.5 GeV/nucleon)
Authors Date (U)o Uva)o
Present work 4 February 1959 1.26+0.09 0.3940.06
Van Heerden 9 March 1958b 1.11+0.11 e
and Judek®
Freier et al.° 19 October 1957 1.7040.30 e
Daniel and 6 February 1956 2.07+£0.28 0.71+0.23
Durgaprasadd
Waddington® Solar minimumf 2.504+0.20 0.69+0.16

a See reference 26.

b There is a little uncertainty in the total time of flight in this experiment
as the last 14 h of the time-altitude curve was obtained by extrapolation
[F. W. O’Dell, M. M. Shapiro, and B. Stiller, Proceedings of the Moscow
Cosmic Ray Conference (Moscow, 1960), Vol. III, p. 118]. This extrapola-
tion, however, seems to be reasonable and it cannot make any appreciable
change in the flux value quoted here. Even if one were to assume that the
flight terminated one and a half hours before its extrapolated end, the
corresponding increase in the flux would be about 209, which would still
be about as low as our value.

° See reference 25.

d See reference 17.

e See reference 24.

f These are mean values of fluxes observed by different observers during
the period when solar activity was nearly minimum.

that at solar minimum period by (34414)9,. Further,
Van Heerden and Judek?® have obtained a value
(Ju)o=1.114£0.11 particles/m? sec sr for the flux of
H nuclei in a flight made on 9 March 1958.

In contradiction with our observation, Young et al.2?
have come to the conclusion that the flux of H nuclei
has no long-term variation associated with the eleven-
year solar cycle. Their data, unfortunately, do not in-
clude the important part of the cycle from 1957 to 1959.
Also, in each flight they have made observations in
single emulsions only and have included for analysis
steeply dipping tracks; this renders the estimation of
the charge of the tracks unreliable.

Thus, we conclude that the H component of the
primary cosmic radiation of energy >1.5 GeV/nucleon,
undergoes a large reduction in flux during the period of
solar maximum. It is of interest to note that in the
period from 19 October 1957 to 4 February 1959, the
neutron monitor data show that the flux of the protons
was increasing. Also as can be seen in Table ITI, the
flux of He nuclei is on the increase during this period.
On the other hand, the flux of H nuclei shows a decrease
in this experiment as also in that of Van Heerden and
Judek.?¢

3.4 Comparison of the Fluxes of « Particles and
Heavy Nuclei During Solar Maximum with
Those During Solar Minimum

Table IIT gives relevant data about the fluxes of
a particles and H nuclei at A=41°N, when simultaneous
measurements of the flux of the a particles and H nuclei
were made on the same day.

26 1. V. Van Heerden and B. Judek, Can. J. Phys. 38, 964 (1960).

27 Q. B. Young, T. P. Wang, and P. C. Hsieh, Nuovo Cimento
23, 101 (1962).
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TABLE III. Simultaneous measurements of the Flux of « particles and H nuclei at A=41°N.

Flux (particles/m? sec sr) Flux ratio

Author Date of flight )0 r)o Ja)o/ (TE)o Method
Waddington®-? 14 September 1954 89+8 2.54+0.3 35.6+£5.3 Emulsion
Freier et al.o4 19 October 1957 68-+4 1.7£0.3 40.047.4 Emulsion
Present work 4 February 1959 .. 1.26+0.09 Emulsion
58.7+6.3 erenkov

F. B. McDonald® 4 February 1959 746 scintillator
(also) D. E. Gussf 8 February 1959 764 Emulsion

= See reference 28. b See reference 29. ¢ See reference 8.

In Table III, the measurements of Waddington?®
refer to flux values at solar minimum period while all
other values refer to the active period of solar cycle.
The fluxes of He nuclei and H nuclei on 19 October 1957
(shown in row II of Table IIT) are seen to be (244-11)7%,
and (32417)9, lower than the corresponding values
for 14 September 1954 (in row I of Table IIT). Within
experimental errors this reduction in flux seems to be
closely similar for He nuclei and H nuclei. In rows III
and IV of Table III, observations made from the same
balloon flight on 4 Februry 1959 are given. (The value
given in row V, of the flux of He nuclei observed on
8 February 1959 by Guss,? confirms the observation of
McDonald® on 4 February 1959.) These values of the
fluxes of He nuclei and H nuclei on 4 February 1959
are reduced by (17411)9, and (504-14)9%, as compared
to the corresponding values in row I.

Thus, while on 19 October 1957, the flux of He nuclei
and H nuclei seem to be lower than those for 14 Septem-
ber 1954 by about the same amount, on 4 February 1959
the H nuclei show a reduction ~3 times greater than
that of the He nuclei. The observation does not seem
to be due merely to statistical errors as can be seen by
comparing the flux ratios, shown in column 5 of
Table III.

Such a differential reduction in the fluxes of « and H
components, cannot be understood on the basis of the
existing modulation mechanisms which do not dis-
tinguish between the two components of the same
rigidity. The present observation, thus, presents an
anomaly to be accounted for by any proposed modula-
tion mechanism.

28 C. J. Waddington, Phil. Mag. 2, 1059 (1957).

» C. J. Waddington, Nuovo Cimento 6, 748 (1957).

#F. B. McDonald, Bulletin SVI-59-11, State University of
Towa, 1959 (unpublished).

d See reference 25. ¢ See reference 30. f See reference 20.

4. CONCLUSIONS

The results obtained in the present investigation can
be summarized as follows:

(1.) The exponents of the integral energy spectra of
the H and VH nuclei of the primary cosmic radiation
are found to be 1.7020.30 and 1.55_o.30*%%°, respec-
tively. These values are consistent with the assumption
that all multiply charged nuclei of the primary cosmic
radiation in the energy region 1.5-10 GeV/nucleon have
the same exponent of energy spectrum within experi-
mental errors.

(2.) The exponent of the energy spectrum appears to
remain unaltered during the eleven year solar cycle as
well as during Forbush decreases.

(3.) The fluxes of H and VH nuclei of the primary
cosmic radiation are reduced by a factor of ~2 during
the period of solar maximum compared to the corre-
sponding values at solar minimum.

(4.) On 4 February 1959, the percentage reduction in
the flux of H nuclei is ~3 times greater than that in the
flux of the He nuclei ,when compared with the fluxes of
H and He nuclei, respectively, on 14 September 1954
at solar minimum.
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