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ABSTRACT

A detailed study of the composition and energy specira of hoay
nuclei of charge Z > 3 in the primary cosmic rays has been made duning
] the reriod of low solar activity, using two stacks of nuclear emulsions

exposed in balloon flights from Fort Churchill, Capadz, in Jume 1903,
Each of the stacks was composed of 120 nuclear emulsions of three
different sensitivities and was exposed at about 3-5g cm.™? of residual
air for about 11.1 hr. Reliable resolution of charges of nucl:! I[r.m
lithium to oxygen was obtained; for heavier nuclei, charge groups were
determined. From the analysis of 793 tracks of nuclei with Z 2> 3, re:lils
on the following aspects were obtained:

(1) The differential energy spectta of L(Z = 3-3), M(Z = &%) uad
H (Z = 10-28) nuclei were measuied in the energy imtervel 130-60v
MeV/nucleon; integral fiuxes were obtained for energy >-600 MeV
nucleon;

(2) The energy dependence of the LM ratic at the top of the
IF atmosphere was determined; the ratios were obtained as 0-43 -- &-(¢
! and 0-29 - 0-03 in the energy intervals of 200-575, and >373 MV
nucleon respectively;

(3) Relative abundances of individual nuclei of Li, Be. B.C. N und
O at the top of the atmosphere were determined as 36. 29. 535, 100, £U
and 106 respectively in the energy interval 130~600 MeV nucieon:
corresponding values were also obtained for eneigy >€00 MeV nucleor.

* Present Address: Department of Physics, Hansraj College, New Delni-".
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202 K. C. ANAND AND OTHERS

(4) The differential fluxes of multiply charged nuclei measured
by us and by other investigators were used to determine the solar modu-
lation between solar maximum to solar minimum. It was found that
solar modulation of the fluxes of M and He nuclei were consistent
with Rg dependence and that the modulation parameter A7 between
1965 and 1957 was about 1-1,

The 'implications of these 1esults are discussed.

I. INTRODUCTION

IT is well known that a detailed study of the primary cosmic ray nuclel in
the vicinity of the earth can provide important information in the under-
standing of the propagation, acceleration and origin of cosmic rays. A
number of experiments have been made so far with the object of under-
standing these aspects of cosmic rays (for summary and references, see, e.g.,
Webber, 1967; Biswas, 1968). The present investigation was undertaken
to study in detail the charge composition, fluxes and energy spectra of the
heavy nuclei of charge Z>3 and of energy > 200 MeV/nucleon during
the period of low solar activity. For this purpose two large stacks of
nuclear emulsions were exposed to cosmic rays in two high altitude balloon
flights from Fort Churchill, Canada, in June 1963.

The two emulsion stacks were flown to altitudes of 3 to 4 g. cm.™2 of
residual atmosphere, so that the correction for the loss by fragmentation of
nuclei in the overlying atmospherc was rather small. Nuclear emulsions
of varying sensitivities such as Ilford G-5, G-2 and G-0 were used for re-
solving individual charges of Z =3 to 8 and for charge groups of higher
charges. In addition, the present analysis is based on a fairly large sample

of 793 nuclei of charge Z >3 so that statistically meaningful results were
obtained.

In the present paper we discuss first the experimental procedure for
determining the charge and energy of heavy nuclei and then obtain the
relative abundances, fluxes and the energy spectra of these nuclei (or groups
of nuclei) incident at the top of the atmosphere. The energy spectra mea-
sured in this experiment were used together with those of other investigators
to study the solar modulation of the fluxes of multiply charged nuclei from

solar maximum (1957) to solar minimum (1965). The implications of some
of these results are discussed.

A brief report of the experimental results of this investigation was pub-
lished earlier in the form of a letter (Anand ef al., 1966).
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2. EXPERIMENTAL PROCEDURE

Emulsion stack and flight deiails.—Two identical nuclesr emulsi

were exposed on two balloon flights from Fort Churchii. (wiu *:t}:w-
magnetic latitude 73-5° N). The first stack (Stack Aj wasenpored or 3*‘2}2
June 1963 for 11.2 hr. at a ceiling altitude of 3-] g.cmo - while the secerc
(Stack B) was exposed on 18th Junz 1963 for i1-] hr. ut an alinude O
4-3 g.cm.~2.  The flight curves for the two exposures are shown in Fig |
The amount of packing material above the Stacks A ard B was negioen
small and consisted of styrofoam and black tape. During the ballcen fohts.
the plane of the emulsions in each case was kept horizonial Lril the b oot
reached ceiling altitude and was then flipped through 90 <o that 11 becumre
vertical.
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Fic. 1. Time-altitude curves of Stack A and Stack B in balloon flights on Jume 15, 1565
and June 18, 1963 respectively.

Each stack consisted of 120 liford nuclear emulsion pellicles each of
size 10 X 20 x 0-06 cm. At ceiling altitude the 10 cm. side was verticel.
The central 90 emulsions consisted of most sensitive {G-3) and Jess sepsitine
emulsions (G-2 and G-0) arranged in a sequence G-5. G-2. G-5. G-2. G-&
G-0 which was repeated 15 times. These were flarked bty fifiecen G-5 emui-
sions on either side. After the exposur:s. the stacks were processed i 1he
conventional manner. Stack A was anaiysed by the Bembay group whie
Stack B was analysed by the Chandigarh group in an idertical maryer.

Scamning and acceptance criteria.—Ouly the G-5 emulsiors frem the
middle portion of the stack were scanned systemaiticallh. Usng a 1otal
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magnification of 15 x 10, a line scan was made along the 20 cm. side at
a distance of 5 mm. below the top edge of the emulsion. Tracks satisfying
the following criteria were accepted:

(1) Projected zenith angle <<45°; (2) dip angle < 11:2°; (3) ionisation
> § times that of a singly charged minimum ionising particle; and (4) enter
the stack from the top edge.

All particle tracks satisfying the above criteria were then followed into
the stack until the particles either came to rest, interacted, or left the stack.
In order to make suitable measurements on the interacting particles, it was
necessary to impose additional condition for their acceptance, namely, the
interacting particle tracks should have a length of at least 5 cm. available
in the stack before they produced nuclear interactions.

In order to carefully determice the sanning efficiency of various obser-
vers, about 407, of the total scanning was rescanned by different observers.
The scanning efficiency was almost 1009, for particles of ionisation greater
than 16 times minimum and about 90-959; in the case of particles having
about 9-16 times minimum ionisation. Appropriate corrections for scan-
ning loss have bezn very carefully made wherever necessary.

Heavy nuclei of the primary cosmic rays have been classified into the
following groups: L-Nuclei. Z = 3 to 5; M-nuclei, Z =6 to 9 ; Hy-nuclei,
Z =10 to 15: Henuclei. Z = 16 to 19; Hs-nuclei, Z = 20 to 28; S-nuclei.
Z>6; H-nuclei. Z> 10. '

Charge and Energy Determinations of the Heavy Primaries

The identification of charge and the subsequent energy determination
was cone by using a combination of the following methods:

(1) Grain-density versus residual range,

(i) Change of grain-densitv with range,

(i) Grain-density versus multiple coulomb scattering,

(iv) Delta-ray density versus residual range,

(v) Change of delta-ray density with range, and

(vi) Delta-ray density versus multiple coulomb scattering.

_ Since these methods are standard ones and are already discussed in
literature (e.g.. Powell et al.. 1959; Aizu et 4l 1960), only some details rele-
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vant to the present analysis are included here. (For further details, see
Sreenivasan, 1967; Bhatia, 1967.): '

Grain-density measurements were done mainly in G-2 and G-0 emul-
sions whereas delta-ray measurements were done only in G-5 emulsions.
The delta-ray density method was used only when the tracks did not pass
through a G-2 or a G-0 plate or when the grain-density was too high to
permit a reliable measurement.

Grain-density  calibration.—All measurements of grain-density were
restricted to emulsion depths 0-15 Z;—0-65Z, from glass (Z, is the total
thickness of emulsions) where there was no measurable change of sensitivity
with depth. The calibration of measured grain-densities in terms of primary
ionisation of the- particle was made by using particles which were known
to be relativistic either from the nature of interactions they produced or
from measurements of multiple coulomb scattering. The comparison of
these grain-density measurements with those of relativistic nuclei showing
charge indicating interactions, e.g., C'*>— 3a, O 40, etc., was used to
determine the calibration. In most cases plate calibration could be made
by using, on an average, 5 to 6 tracks of relativistic particles in the G-2 and
G-0 plates. Typical calibration curves of G-5, G-2 and G-0 emulsions are
shown in Fig. 2. It is seen from the figure that ionisations up to about 6
times minimum ionisation could be measured reliably in a normal G-5
emulsion, up to about 150 times in a G-2 and up to about 250 times
mm a G-0 emulsion. Each observer set up his own calibration curves for
each emulsion plate used for ionisation measurement. Thus, we have
avoided- any uncertainty which might arise due to plate-to-plate
variation of grain-density.

Delta-ray density calibration.—The delta-ray density calibration as a
function of the ionisation produced by heavy primaries in G-5 emulsions
was done by making measurements on relativistic heavy nuclel selected
in the same manner as for grain-density calibrations. For relativistic par-
ticles of charge Z the delta-ray density n; was thus obtained by using the
relation, ny = aZ? 4+ b, where a and b are constants over a certain charge

interval.

In order to determine the variation of delta-ray density with kinetic
energy for a given charge it is necessary to construct calibration curves,
using particles of known energy. This is so, because for a given charge, ot-
served variation may differ from the theoretically predicted relation, 7y oc1/8%
where fc is the velocity of the particle, Such calibration was done by
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measuring 7; on the tracks of stopping a-particles at different residual ranges
as well as on alpha-particles whose energies were determined from multiple
scattering measurements. Thus from the measured variation of ny with
kinetic gnergy for alpha-particles, n; vs. kinetic energy per nucleon (or
residual range) curves for other charges were obtained.
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Fig. 2. Calibration curves of grain-demsity vs. ionisation for some typical G-5, G-2 end
G-0 emulsions.

The delta-ray density measurements were made using two conventions,
namely, the usual 4-grain delta-ray counting and the ‘long delta-ray’ criterion
in which only those delta-rays having projected range greater than 5 @ were
accepted. The latter criterion was used when the delta-ray density was too
high for reliable measurements with the 4-grain delta-ray method.

Identification of particles.—From the sample of particles which satisfied
the scanning and acceptance criteria, we separated out singly and doubly
charged particles by following the tracks into the stack and by using one
of the methods of identification as noted above. Particular care was taken
to separate out alpha-particles of ionisation 8 to 10 X I min. from relativistic
Li-nuclei. Thus a total of 793 nuclei of charge Z> 3 were obtained for
further analysis (335 nuclei in Stack A and 458 in Stack B). In order to

analyse these multiply charged nuclei we have grouped them into three
different categories: '

(«) Stopping particles (S-particles),

(b) Particles producing interaction after a range of 5 cm. in the stack
(" Interacting > particles), and

(¢) Particles traversing the entire stack (‘through * particles),
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The identification of the stopping multiply chargad particles was es
li.shed by using either mathod (i) or (iv) mentioned earlier. For nﬁﬁwil;i‘d
(i), we first used the calibration curve of grain-density s, lonisalior of ke
particular emulsion plate (for example, as shown in Pg -y and dotermuned
the ionisation of the particle. Then the ionisation 5. residual raree vores
for charges Z =1 to 28 were used. These curves were corived Sem the
restricted energy loss vs. kinetic energy and the range-energy relalios o
protons as given by Barkas (1965). For method (iv). n; b resiéial Tarie
curves, for different charges, were constructad uccording 1o th

-

mng £ rroceduse
mentioned above. The charge identification of " interacury ~ ord “throooF

particles was made using one or more of the metheds int 1 v o7 c
mentioned above. Among these groups. we had a class ¢f poridle rods
which showed large change of ionisation (> 20" Vi traversrg § o0 00 om
of emulsions ; identification of these nuclei could be easily made uvry mulry

(i) or (v). The other class of nuclei were those which showed wvery fiile
change of ionization in traversing 5 to 10 cm. of emulsion.  Ir the

Cag Lz
it was sometimes found that method (i} or tvj was uneble w dertdy whe
ther it was a relativistic particle of charge Z or @ rom-relaliinte pistee
of charge Z-1. In all such cases unambiguous idertficaver was: wade
by multiple coulomb scattering measurements [method nu cr i Multrle
scattering measurements were made on 2 Koristka microscore ond erergies

as high as ~ 3 BeV/nucleon could be measured by this metheod. Frac
charges were assigned, using the methods of ionisation v, ressdun tav e
change of ionisation with range or jonisatior. vs. muitiple seatterire Tk
charge spectrum for nuclei of Z = 3t0 9 and of erergy = 375 Meb ~uior
is shown in Fig. 3. In the same figure we haie alee fittzd the o T
Gaussian distribution for an experimentally determired stundard devator
of 0-25 unit of charge for the Medium nuclei assuming the relatne abun-
dances of C, N and O nuclei to be 100. 60 and 106 respeciinely. Smoler
fit was made in the case of L-nuclei. with a standard desianon of ©2 7
of charge and a relative abundance of Li. Be and B as 6. 29 und 3 ree-
pectively. Appropriate corrections for extrapclation of the o chur
groups to the top of the atmosphere have been made. For vﬂa
component like F which has rather small relative abundarce higher degree
of charge resolution is necessary.

For nuclei of energy > 575 MeV nucleon. 2 large number of particie
tracks traverse the stack without significant change of ionisation, Ir crier
to obtain reliable identification of these individua! nuclei of Z < 0. o
independent measurements of charge were made when necessary.  Thie wat
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<o Tor =~Lohly 107, in the case of M group and 15% in thf: case of L.grc'mp
nucler Thus the charge of these relativistic or n€ar relativistic nuclel w;rc
Jdetermincd unembiguously and their energy was known to be grea.ter than
<=2 \MeV rucleon. For thes: nuclei fractional charge was not assigned as

A
v

onls tme loner limit of energy is known.

1 i 1

CHARIE * 4 5 & 7 8 )
TN iz Gz 02 025 025 0.2 -
sl B OAELNI g 29 55 100 60 106 -
E AT TIECF
E B “"!f:_'.:,- ~
i

a
1

e

- 1
e ! HEA
% " i ‘! z ‘ » * §
s B : H
' i 4 : '
. L ; d L 1 i
5 R D i b [
] : _ _y L L
| 4
A Fe
~
4

1
5 N X
! L ‘. S IR U | 1
3 4 5 8 7 8 9 i0
NUCLEAR CHARGE,Z

Fic. 3. The moasured charge distribution for nuclei of Z=3 to 8 of energy 150-600 MeV,
nacleon. Tre meas.red standard deviations in the charge determination are shown. The dotted
i nes mdicats ‘e o rmalised gaussian distributions for the measured standard deviations. The
relative aburigan:ss of these nuclei at the top of the atmosphere are shown (see text).

The nuclei with charge Z > 10 were assigned charges so that they could
be clasuified inte H,. H. and H; groups of nuclei.

The eneryios of all the multiply charged stopping particles at the point
of entrd m the emulsion stack were determined using the range energy rela-
tron curves in emulsion (Barkas, 1965). The energies of the interacting
particles ard the “through™ particles were determined either by the scattering
medsarement or by using the method of change of ionisation with range.
%r‘; order 10 determine the flux values of different groups of nuclei at the top
v the stack, each accepted particle of Z > 3 crossing the scan line was given
werght factors to correct for the loss due to interaction in the stack and
that due to scanning efficiency. Thus a stopping particle with a residual
rangs R < Scm. in the stack was given a weight factor eR* and those par-
veles having total ranges in the stack greater than 5 cm. were each given a
weight factor €2 where A is the interaction mean free path in cm. for a
rarticular group of nuckei in the noclear emulsions. The corrections for
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scanning loss were made by using the scanning efficiencies determined for
different ionisation groups.

Extrapolation to the top of the atmosphere.—For extrapolating the ob-
served fluxes and energy spectra to the top of the atmosphere it is necessary
to take into account certain corrections due to the overlying atmosphere.
Firstly, the ionisation loss in the air is taken into account by using range
energy relation in air. For our stacks this air-cut-off energy is about
125 MeV /nucleon for L-group nuclet, 150 MeV nucleon for M-group nuclei
and ~ 250 MzsV/nucleon for the H-group nuclei. Hence, flux values could
be determined only above these air-cut-off emergy values. Secondly, as a
result of interaction and fragmentation of the cosmic ray nuclei in collision
with the air nuclei, there will be a certain amount of diffusion of one group
of nuclei into anothér. This can be corrected either bv using the growth
curves in air or by solving the one-dimensional diffusion equations (see
Daniel and Durgaprasad, 1962). In this work, we acopt:d the following
procedure. We extrapolated the measured flux of M-nuclei at the top of
the stack J (x) to the top of atmosphere J,; (0). by means of diffusion extra-
polation using interaction length of M-nuclei in air as 23-9 g. cm.* (Durga-
prasad, 1964), and fragmentation parameter, Py, as C-14, which is the
weighed mean of values for air-like media, graphite. teflon, celluloid ard
polythene (see Durgaprasad, 1964; Friedlander ef al.. 1963 and references
therein). Then the H/M and L/S raiies observed -at the flight altitude were
extrapolated to the top of the atmosphere using the slopes of the best fitting
experimental growth curves of these ratios in air as summarised by Webber
(1967). Thus knowing the flux of M-nuclei, L;S and H M ratios at the top
of atmosphere, the fluxes of L, M and H-nuclei at the top of the atmos-
phere were obtained. The flux of H-nuclei, Jy (0) was further subdivided
into those of H,, H, and H; groups according to the following procedure.
The fluxes of H,, H, and H, nuclei at the top of the stack were extrapolated
to the top of the atmosphere using the diffusion equations and fragmentation
parameters (Durgaprasad, 1964). It was found that the fluxes of H,, H,
and H, nuclei at the top of atmosphere were in the ratios of 1:0-21 :0-36.
The sum of the fluxes of these three groups was mormalized to the flux
Ja (0). We believe that the above procedure of extrapolation to the top
of the atmosphere yields satisfactory results, since this is based on the mea-
sured growth curves of the ratios in the atmosphere as well as the best
estimates of the fragmentation parameters in air. So far there is no evi-
dence of any significant energy dependence of the interaction and fragmenta-
tion parameters in the energy region of relevance here; hence the effect
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has been ignored. We wish to emphasise here that since the fluxes were
measured under small atmospheric depths, the uncertainties in the para-
meters used do not significantly affect the extrapolated values. The pro-
cedurc of extrapolation was carried out separately for groups of nuclei in
each stack, there was good agreement between the results obtained from
the two stacks. The final results at the top of the atmosphere were then
obtained by combining the data fromi the two stacks according to their
statistical weights.

In order to determine the relative abundances of individual elements
in a particular charge group we have assumed that while extrapolating to
the top of the atmosphere these relative abundances remain the same since
the residual atmosphere is only about 4 g./cm.? and the differences in the
mean free paths are negligibly small. For example, the carbon to oxygen
ratio at the top of the atmosphere will be only about 1-5% higher than
that measured by us at the flight altitude.

3. RESULTS AND DiIscuUssioN

Using the above-mentioned methods of charge identification, energy
determination and extrapolation to the top of the atmosphere we have
obtained the results concerning the differential and integral spectra of L, M
and H-nuclei for the period of mid-1963, the energy dependence of the L/M
ratio and the relative abundances of individual elements.

Some features of these observations have already been discussed earlier
(Anand et al., 1966; Biswas ef al.. 1966) and in the present analysis we
will confine our detailed discussion only to the interpretation of these results
in terms of solar modulation.

(i) Differential energy spectra of light, medium and heavy nuclei—
The differential and integral energy spectra of L, M and H-nuclei are shown
in Fig. 4 and Table 1. For comparison we have also included the results
of other investigators obtained during the same period of solar activity as
indicated bv the Mt. Washington Neutron Monitor Rate (2320) (Webber
et al., 1966; Fichtelez al., 1966). It is clear from these data that the results
obtained by these groups are in good agreement with each other and the
mean curve drawn here represents the best shape of the spectra in mid-1963.
The maxima in the spectra of L, M and H-nuclei occur at 400 + 50 MeV/
nucleon, 450 = 50 MeV/nucleon, 450 - S0 MeV/nucleon respectively. The
position of the maximum in the case of helium nuclei occurs at 250 4+ 50
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FiG. 4. Differential energy spectra of L,M and H-nuclei measured in the presen: work
together with other measurements during the middle of 1963. The M. Washingior re.trorn
monitor rate corresponding to these data are: Present work; 2320 Stack A, 2330, Stack B, 2350+
Webber et al. (1966) 2310; Fichtel ez al. (1966) 2320.

TABLE I

Differential and Integral fluxes of L, M and H-nuclei at the iop of cimosphere

Differential flux, dJ/dE, in noclei {}? Sr. Sec. MeV per nucleon !

Kinetic energy, |
MeV/mucleon L M H
i (3<z<5) (6<2<9) , (Z>10
150-200 0-0046£0-0017 0+0088 £0-0029
200-300 0-0047+£0-0012 0-0081 100016 0~ 03225-0011
300-400 0-0077£0-0015 0-015220-0024 0005500013
400-300 0-0071 £0-0015 0-0190 £0-0028 0-0058 00014
500-675 0-0050 £0-0015 0-0126£0-0025 0- 0033 +0-0012
T Integral flux, in noclei (M2, S Sec.) ™
>150 5-87£0-42 | 1e-30ie-T®
>200 5+44+0-41 H 16-04£0-78 8-01 :fﬁ 48
> 300 4-97x0-40 : 15:23£0-75 §-80£0-48
>4w ‘n mio-sﬁ T 13’71 i0'72 5*14&0‘“
>875 3-11£0-31 s 10-88:20-84 4301041
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MeV nucleon, lower than in the case of L, M and H-nuclei. The impli-
cations of these in terms of propagation and solar modulation effects have

been discussed by Biswas eral. (1967, 1963).

Recent experiment by Von Rosenvinge ef al. (1969), performed at a
time when the neutron monitor rate (2350) was more or less at the same
level shows a large discrepancy as compared to the mean spectra of L
and M-nuclei determined in the present experiment. This discrepancy has
been discussed by Biswas (1969). The results of Lim and Fukui (1965)
which seem to give anomalous flux values have not also been included in
the present analysis (see Anard et al., 1966).

(ii) The energy dependence of L/M ratio.—The ratios of L/M, L/S and
H M at ths top of the atmosphere obtained in our experiment are shown
in Table II. It is seen from this table that in the energy interval 200-575
MeV nucleon the ratio L/M is increasing with decreasiug energy. Using
the recently determined L;M ratios and energy-dependent spallation cross-
sections (Bernas et al.. 1967; Yiou et ., 1967, 1968) the amount of matter
traversed in space by cosmic ray nuclei as a function of energy was deter-
mined by several investigators (see for summary Biswas, 1968). These re-
sults indicate that at energy greater than 1-5 BeV/nucleon, the mean path
length of cosmic ray nuclei is about 4 + 1g./cm.? of hydrogen and at 200-400
MeV.nucleon it is higher by a factor of about two.

TaBLE II
L'M, L'S and H|M ratios at the top of the atmosphere

N ' i
\ K Energy| 200-300 ' 300-400 : 400-500 . 500-576 200-575 >575
\ MeV/n. ; ; .
N i ‘
Nl | ‘
Ratios N\, | " '
\: }
] I ‘ =

LM §0-58:i:0~19§0-51:1:0-13 0-37£0-10 | 0-40£0+14 | 0-4540-06 | 0-280+03
; ' I

LS [ 0-420:0-13 | 0-37£0-09 | 0-29+0-07 ' 0-31+0-11 | 0-34£0-05 | 0-21+0-02
H i i

H/M ; | 0:33£0-04 | 0-40+0-04
. i |

(iii) Relative abundances of individual elements.—In this work we ob-
tained good charge resolution for nuclei of Z = 3 to 8 as described earlier
and intensities of Li, Be, B. C, N and O nuclei were determined. These
are shown in Table III in two energy intervals, E = 150-575 MeV/nucleon
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TaBLe 111
Fluxes and relative abundances of nuclei u: perceniage of the iotal
150-575 MoVt teon B e i
Nuclei \ODel e 2, 1982
| .
P/M2, Sr. Scc. agtleliggx::e T2 8 Se :fnii*it .fff:x;;;
Li 0-74£0-15 7.2 1:05%£0-19 38 53
B 0:60+0:14 59 . 0°41%0-11 Z.z 2.3
B 11420-18 1141 © 1-65%0.22 g-0 T4
L 2484028 | 242 T aieen 1o 15+
C 2:07£0-30 | 201 £302041 . 2w 5ie 1
N 1-2440:22 121 2302636 | 18] 4en
0 2:20£0-82 | 21-4  3-2140:35 173 181
F 0-4840-12 | 46 087208 48 2.4
M 5974042 | 582 | 10-86%0-6¢ -4 8i-5
H, 1112020 | 1o | 2-72t0.32 | 149 .
H, 0-37£0-12 3-6 . 0-68%0-16 . 37 .
s 0-30+0-11 2.9 | 0-91£0-21 | 50 .
H 1195027 | 115 4-3020-41 * 23-5 234
758 | 10-24£0- | 1000 . 18-27£0.81 1000 100-0
i

Next we examine the relative abundance of carbon. ritrogen ard oxygen
nuclei in the primary cosmic rays. The ratio of carbon o oxygen puclei mea-
sured at different energy intervals by various investigators with fairly satis-
factory charge resolution are shown in Fig. 5. Tke C O ratio 1s independent
of solar modulation. Although the experimental errors on the ratio are
fairly large, it is seen in Fig. 5, that the general trend cf resuits indicate that
C/O ratio is about 0-90 at energy about 100 MeV nucleon and it increases to
a value of about 1-5 at energy > 15 BeV.nucieon. The value of the C.O
ratio at E > 1-5 BeV/nucleon obtained by sarious investigators. €.g., von
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Rosenvinge et al. (1969) and O’Dell et al. (1962) are in disagreement with
each other. This discrepancy needs further examination.*

LI ) R S U o B R Y S N R R R R
| A COMSTOCK ET AL 4
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| O WEBBER ET AL
¢ O'DELL ETAL
¢} o sauasusranmanvam
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FiG. 5. Carbon to oxygen and nitrogen to oxygen ratios as a function of energy obtained
from the present work and other investigations ‘Average’ denotes the average calculated by
Webber (1967). The dashed lines indicate range of C/O ratios determined by von Rosenvinge
et al. (1968). The dot dashed lines indicate the approximate variations of the ratios from other
data. ( The reference Fichtel et al. should read as Hagge et al., Can. J. Phys., 1968, 46, S539.)

The N/O ratios measured in this investigation and by others are also
shown in Fig. 5. In this case also there is considerable scatter of data points.
In the lowest energy interval, 90 MeV/nucleon, N/O is about 0-25 whereas
at relativistic energies, > 15 BeV/nucleon its value is ~0-50, indicating
N/O ratio changes by a factor of about two in this energy interval.

Detailed calculation of the energy dependence of the C/O and N/O
ratios taking into account ionisation loss and the most recent spallation
cross-section measurements have been made by Bhatia ez al. (1969). These
results indicate that the measured C/O and N/O ratios in cosmic rays at low
and high energies are incompatible with the conventional one component

* Note added in proof: In recent experiments, Dayton ef al. (Proc. Int. Conf. Cosmic
Rays, Budapest, 1969, to be published) and O’Dell eral. (1969, ibid.) reported the C/O
ratio at E > 1-5 BeV/nucleon as ~ 1-1.
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model of cosmic rays and supports the avpothesis i o comperert madels
of cosmic rays proposed in recent years {Comstock e: ui., 1967 B vw v ¢ L.
1966, 1968; Comstock, 1968; Burbidge ez al., 1967).

(iv) Solar modulation energy spectra of medium and i ruc.e: s cen
solar maximum and minimuni.— In 1his work we ot siocod 1he L roroe

. : RN By IS c e ;.;..;;Atll” i
the intensity and the spectral shape of medium nuclst und relim ricles
during the solar maximum (mid-1937) to near scoar mirimum (90365,
to investigate the solar modulation during the fas: selar cvole, Aamy stud

have been made on the changes of P and He fiuxes curinz oot solar ovile
(For summary, see, e.g., Webber, 1968). But this represints an cttery: o

use the M-nuclet and He spectra for this purpo:e.

i

The best estimate of the difierential zrersy spectrun of mecium rucle
during mid-1963, obtained from the present datg &s weli o» that of Mebher
et al. (1966) and Fichtel ef al. (1966) is showr: i Fig. 4 a3 Cicised eatier,

The differential spectrum of M-nuclel during solar miymum waer Deosund
by Aizu et al. (1960) in September 1957. Since Leilam ine med um

RN

Tl
have same mass to charge ratio they are expected to be moeduiated in ihe
same manner and hence it is useful to compare the chunges of helum ard
medium nuclei fluxes over the same period. The difierenual spectrum of
helium nuclei during the middle of 1963 is cbtairad from the data of sever. |
investigators and is summarised in Fig. 3of Biswas erc. (1567 a.  Tre
He spectrum measured during mid-1937 is obtivid from the roeults o7 Az
et al. (1960), Engler e al. (1958) and Freler €. (1939). metsure cunng
May-September 1957. '

Recent studies of the changes of fluxes of protons ard alphz-particies
during 1963-66 showed that solar modulation during this period could be
represented by the Parker’s theory of medulation by sclar wind (Perker,
1963) in the following form

Ji¢(E, 8) _ g1 (L1 RAE
Ji® (E)

where J;¢ (E, #) is the differential flux of 7* type of ruclel &l Mnelic erergy.
E MeV/nucleon, J; (E) the correspnding flux outside the solar system. = i1
a constant depending only on time, £, R and £. rigidity ard reloay o “'?‘?
nuclei and n ~ 1 for rigidity R 0-8BV, ard »# =G for R <08 BY
(Gloeckler and Jokipii. 1967: Jokipii. 1968: O'Gallsgher. 15¢8: Wetber.

1968).
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To study the solar modulation of medium and helium nuclei fromw;gii~
1957 to mid-1963 w2 plotted loge [J (E, 1963)/J (E, 1957)] vs. Rf for medimn
and helium nuclei in Fig. 6. It is seen that changes in M and He nuclei
are consistent with one another and hence both the components are used
t5 ortain the best iitiing line given by R~*-35. This was obtained by re-
plotting the data in the form 3 loge J (E, 1963)/J (E, 1957) vs. R (not shown?,
=nd the best fiting line is found to be R7115. Thus the present analysis
idicates in the rigidity interval 1-2 to 2-7 BV rigidity dependence as close
ta RS, In Fig. 6 we huve shown the lines corresponding to 8, Rfand R2B
denendence; it is seen that although R2B dependence cannot be ruled out,
R: dependence gives o better fit.

T 71T T T T T7T77
\ ' ® M- NUCLE! (1363 -57)

(? I O He- NUCLE! (i963-57)
AY

Q

JUgH 7))

;thZ}_L
o
3]

Lo, -

S b gl 1 F I SN N N R
c.5 I

2
RIGIDITY X B,BV

Fic. 6. o, {§(1963),J(1957)] vs. Rigidityx 8 plotted for M-puclei and He-nuoclei. The
imes worrespondmg 10 1.2, 1R3 and 1,R?2 dependence of solar modulation are shown. The
oest it line is giver by RB dependence.

On the basis of R3 dependence it is found from Fig. 6 that the change
in v from 1963 to 1937 (- 4) is 0-8 BV. The value of An for 1963-65
was found to be about 0-25 (Biswas et al., 1967, Gloeckler and Jokipii,
1967). Hence, _n for 1963-57 is obtained as 1-05 BV. The residual
modulation at solar minimum 1965 was determined as 0-65 BV by Biswas
er al. (1967 b). Therefore the value of modulation parameter  at solar
maximum in 1967 is obtained as 1-70 BV.

In Table IV we have summarised the data of this work and those of
other investigators on the change of solar modulation during 1957-65
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on the basis of RB dependence of solar medulation, as vel
modulation in 1965, estimated by different metheds.
observations would be consistent with the value of
meter 7 (1965) at solar minimum as 0-65 — 010,
.1-4 =+ 0-4 and 7 (1957) at solar maximum as 2-0 :_.-.0-4. TS et I T
In 7 by a factor of about three between solar maximum ard 1 Y"’“; n,* :'\
the last solar cycle. o

R S T SN
1LeeIrs et et
LT ROCLETAT Ture-

G -3y Ly aheut

TABLE IV
(@) Solar modulation during 1957-63

Authors Method Perind

3
Present work and M and He-nuclei 195765 LR
Biswas et al. (1967 a, b)
Lockwood and Webber  Neutron Monitor and 1559-£3 ih
(1968) ) P and He-nucle:
O’Gallaghar (1968) P and He nuclet 153563 1w
(b) Residual solar modulution in 1965
, - {1968
Authors Method (BV"
Biswas et al. (1967 b) He?/He ratios and He- 0-65=~0-(3
energy spectrum
Gloeckler and Jokipii (1967) Cosmic ray energy densin <1
Ramaty and Lingenfelter (1968) He?® He® and H* He® ratios 0-4-01
Anand, Daniel and Stephens Non-thermal radio emission X063
(1968) and cosmic ray electron
spectrum
Webber (1968) do. 0-75
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