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for the production of C and N from O. Though incom-
plete, the existing measurements of similar reactions
show no striking energy dependence or, if anything, an
energy dependence which might be expected to increase
the nitrogen production at low energies. If the frag-
mentation parameters are assumed to have their high-
energy values and if the abundances measured in the
low-energy experiments do refIect the cosmic-ray com-
position outside the atmosphere more correctly than do
the balloon experiments, then we are left with the
conclusions that the source might be almost entirely
devoid of nuclei of odd charge with Z&3 and that the
abundance of N, like the abundances of I,i, Be, and 8,
might be used as a measure of interstellar path length.
In stating this result we would caution, however, that
the measurement errors are sufFiciently large that a
source composition with abundances of medium nuclei
similar to those given by Cameron cannot be excluded
entirely.

IV. CONCLUSIONS

In conclusion, we find that the L/iV ratio has at-
tained the low value of 0.16+0.07 in the 40 to 100
MeV/nucleon region while the H/M ratio has a value

similar to that found at higher energies.
A detailed examination of the cosmic-ray cha, rge

structure shows a nitrogen abundance which is not
inconsistent with that which would result from frag-
mentation of the observed Z&8 nuclei in passing
through 2.5 g/cm' of hydrogen. The ratio of the fluxes
of oxygen and carbon nuclei is found to be 1.2~0.3 in
reasonable agreement with satellite measurements in
the vicinity of 100 MeV/nucleon but in disagreement
with the much lower value found at high energies in
balloon experiments. It is not at all clear whether this
disagreement results from an energy dependence of
unknown origin or from the effect of the residual atmos-
phere above the balloons.
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The implications of a simple set of assumptions related to galactic cosmic rays are examined and compared
with the existing data. These assumptions are that (a) the multiply charged cosmic-ray nuclei all have the
same spectral shape at the source, (b) the relative abundances of He' and light nuclei (3&2&5) are negligible
at the source, and (c) the average amount of interstellar material traversed is independent of particle energy.
The results show that within the present uncertainties of the experimental data and of the interaction cross
sections, the data agree with the predictions without additional assumptions if the differential source spectra
are relatively fiat at low energies and the average interstellar path is 2.8+0.4 g/cm . In particular, the
nearly constant relative abundances of the helium, medium (6&Z&9), and (Z&10) nuclei for different
values of energy/nucleon can be explained, and the observed variation of the flux ratio of light to medium
nuclei with energy/nucleon can be brought into fair agreement with predictions. The calculations also imply
that, if the analysis does represent the true situation, then there is little or no solar modulation of the cosmic
rays near solar minimum, and protons and helium nuclei have different source spectra.

I. INTRODUCTION

~HE cosmic-ray energy spectra which are observed
at the earth represent the source spectra after

they have passed through interstellar matter and have
been modulated within the solar system. Whereas
presumably the sola, r-system modulation is primarily
the result of electromagnetic fields, interstellar space is
believed to contain enough material along the path of
the particle to change appreciably the particle energy as
well as the intensity of the radiation. Xn the latter case,
it is normaIly assumed that the intensity in an energy
interval is changed significantly only by fragmentation
in interactions and by ionization loss, and not by
a,cceleration nor by the complicated time-dependent

magnetic effects which probably cause the intensity
variation in the solar system.

If the acceleration in interstellar space is negligible,
it is possible to calculate the energy dependence of the
relative abundances of various particle groups outside
the solar system, assuming various source spectra,
provided the cross section in interstellar space and the
amount of material traversed are sufFiciently well
known. The exact nature of the solar modulation is
not yet known, but the general belief is that it probably
depends only on the velocity and charge-to-mass ratio
of the particle. Therefore, although nuclei of the same
charge-to-mass ratio but different charges will lose
energy at different rates in interstellar space, the fhlxes
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of these particles will be modulated in the same way,
thereby permitting the separation of modulation
effects from interstellar energy loss and fragmentation
effects.

Enough information is now accumulating on several
different components of the cosmic radiation to permit
a meaningful study of their source spectra and history
of the cosmic radiation can be obtained. Therefore,
in this paper we have determined the expected relative
abundances of the multiply charged nuclei as a function
of energy/nucleon for various specific assumptions
about the source spectra and interstellar path, and have
also considered the effects of solar modulation. Through-
out, the analysis has been made as quantitative as
seems reasonable within the limited knowledge of some
of the parameters.

II. GENERAL PROCEDURE

The first purpose of this article is to determine
whether a particular simple set of assumptions leads to
predictions which are consistent with the galactic
cosmic-ray data. These assumptions are:

(a) The source energy/nucleon spectra of all multiply
charged nuclei have the same shape, at least above
100 MeV/nucleon. (Note that, since all of the multiply
charged nuclei that will be of interest at the source
have nearly the same charge-to-mass ratio, this effec-
tively permits the spectra to be both velocity- and
rigidity-dependent. )

(b) The relative abundance of He' and light nuclei
(3&Z&5) at the source are negligible compared to
He4 and medium nuclei, respectively.

(c) The average interstellar path length is independ-
ent of the energy/nucleon of the particle.

After a thorough investigation of this simple approach
and its limitations, we consider alternative approaches
and models (usually involving more adjustable param-
eters) suggested in the literature.

Before outlining the general procedure, we shall
briefiy discuss the assumptions. The similarity in source
spectral shape, at least for particles of the same charge-
to-mass ratio, is suggested by the predictions of the
basic acceleration mechanisms, such as the simple
Fermi" theory, the principle of equipartition of energy
as discussed by Syrovatsky, ' and the theory of the shock
acceleration of the outer layer of a supernova discussed

by Colgate and Johnsons and Colgate. ' Some of the
more complicated variations of the theories can
explain differences in the energy spectra of different

' K. Fermi, Phys. Rev. 75, 1169 (1949).
2 K. Fermi, Astrophys. J. 119, 1 (1954).' S. I. Syrovatsky, Zh. Kksperim. i Teor. Fix. 40, 1788 (1961)

LEnglish transl. : Soviet Phys. —JETP 15, 1257 l1961)7.
4S. A. Colgate and H. J. Johnson, Phys. Rev. Letters 5,

235 (1960).
'S. A. Colgate, in Proceedings of the ¹inth International Con-

ference on Cosmic I'ays (The Institute of Physics and the Physical
Society, London, 1966), Vol. 1, p. 112.

nuclei, especially those with different charge-to-mass
ratio. Further support to the choice of spectra of the
same shape for particles of the same charge-to-mass
ratio is obtained from the study of solar particles. ' ' It
should be noted that source spectra at very low energies
(&10s MeV/nucleon) may differ in general, but they
are not germane to the present discussion because, as
will be discussed later, they could not be detected.

With respect to the composition, the only important
assumption that we shall make is that light nuclei and
He' are absent in the source. For the light nuclei, this
assumption is based on the fact that light nuclei are
very rare in the universe (about 10 ' of the abundance
of medium nuclei)' because they are unstable at the
high temperatures of most stars. The justification for
assuming there is virtually no He' at the source is
similar.

Finally, the assumption that the average path length
is independent of energy is based on simplicity and on
the fact that in a simple steady-state diffusion process,
the path length would not be expected to vary with
velocity. A rigidity-dependent average path length is
of course possible if, for example, high-ridigity particles
escape more easily. This alternative possibility will be
one of those considered in Sec. V.

It should be noted that whereas the interstellar path
length Xo is assumed to be independent of energy, the
fragmentation probabilities (cross sections) are not.
The energy dependence of the latter parameters is
discussed in Sec. III.

In proceeding with the calculations, the problem
will be divided into three parts or physical regions: the
"source" which supplies the cosmic radiation, the
interstellar medium containing primarily hydrogen
which can cause fragmentation and energy loss of the
cosmic-ray particles, and finally the solar system which
influences the cosmic-ray Ruxes via its electromagnetic
fields.

With regard to the source, it will be initially assumed
that the source spectra have the properties stated in
assumptions (a) and (b), and the remaining character-
istics, such as the possible shapes for the energy spectra
and the relative abundances of the other nuclear species,
will be determined from an examination of the experi-
mental data in the light of the calculation to follow.
Therefore, the first consideration will be the travel of
the cosmic rays through interstellar space, which will

be discussed in Sec. III. As was stated in the Introduc-
tion, the model being discussed here does not allow the
interstellar magnetic fields to accelerate the particles,
but does permit diffusion. The interstellar path length
to be determined is defined as the average number of
g/cm' of material traversed by the particles. The

S.Biswas, C. K. Fichtel, and D. K. Guss, Phys. Rev. 128, 2756
(1962).

S. Biswas, C. K. Fichtel, D. K. Guss, and C. J. Waddington,
J. Geophys. Res. 63, 3109 (1963).

H. K. Suess and H. C. Urey, Rev. Mod, Phys. 28, 53 (1.956).
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interstellar extrapolation includes both the effects of
energy loss by ionization and of fragmentation which
is dependent on the energy of the cosmic rays.

In Sec. IV, the effect of solar modulation is con-
sidered. Various possible types of modulation are
considered both from the standpoint of the extent of
the solar modulation and its possible effect on particle
ratios as a function of energy. It will be seen that the
relative abundances of the multiply charged nuclei are
probably not seriously affected by modulation, owing to
the similar charge-to-mass ratios of the constituents of
interest. On the other hand, particles with the same
Z'/M value (Z and M are the charge and mass of the
particles in units of the proton charge and mass), such
as protons and He4, will have the same rate of energy
loss per nucleon for a given velocity in interstellar space,
but will be modulated by different amounts. The
alternative approach of demodulating the observed
spectra and then extrapolating to the source requires
a quantitative knowledge of the modulation.

In Sec. V, the experimental data are compared to
the predictions from the calculations. It will be seen
that the predictions essentially agree with the exper-
imental data within the uncertainty of the measure-
ments for a specific set of relative abundances and a
limited range of energy spectra. Other possible theoret-
ical explanations of the data are also considered.

III. INTERSTELLAR EKTRAPOLATION

The material in interstellar space affects the cosmic-
ray particles by causing energy loss and fragmentation.
In order to take both of these phenomena into account,
it is necessary to begin with the appropriate transport
equation. Ray' has shown that the fundamental
equation can be written in the form

—[w, (E)j;(E,x)j=w;(E)H;(E,x),
dx

where x is the position along the particle path, m;
= (dE/dx);, i refers to the particular nuclear species,
j; is the differential directional intensity per unit
energy/nucleon E for particles of type i, and P; is the
number of particles added or subtracted per unit
volume, time, solid angle, and energy nucleon.

In the case under consideration H; consists of two
parts, the source term 5; and the loss term due to
collisions. Hence,

H, (E,x) =S,(E,x) j;(E, )/xA;( )E. (2)—
Here, h.; is the loss mean free path which is related to
the interaction mean free path, X,, by the equation

vrhere P;; is the average number of particles of type i
' E. C. Ray, J. Geophys. Res. 65, 1126 (1960).

formed in the interaction of a type i nucleus. 5;, in
turn, is given by the relation

S,(E,x) = P jg(E,x)/Ap, (E),

where AI,; is the mean free path for production of i-type
particles from k-type particles. The sum in Eq. (4) can
be restricted to particles heavier than i, because the
lighter ones will not contribute to i nuclei in an interac-
tion, and the i-to-i-type interaction is already included
in the last term of Eq. (2).

Substituting Eq. (2) into (1) and rearranging terms
yields

—[w,j,]+w;j,/A, =w,S;.
dx

Multiplying Eq. (5) by the integrating factor exp(x/A. )
and rewriting the left-hand side yieMs

—[exp(x/A;(E)) j;(E x)w, (E)j
dx

= exp(x/A, (E))w, (E)S;(E,x). (6)

Equation (6) can be used to propagate the particle-
energy spectra at the source, j,(E,O), through inter-
stellar matter in small steps which, in the case of the
calculation performed here, were 0.02 g/cm' of inter-
stellar matter. This step size is suKciently small that the
variations in terms such as w;(E) and A;(E) introduce a
negligible error into the calculation. On a given step the
spectrum of the heaviest species was calculated erst so
that the source function for subsequent species would be
available. This procedure allows averaging of the source
function [actually the right-hand side of Eq. (6)$
over the interval to improve the accuracy of the calcula-
tion. The range-energy relation and rate of energy loss
in hydrogen were taken from the work of Barkas
and Berger. 'o

The existing information on the energy dependence
of the A;(E)'s and Az(E)'s is relatively meager. Only
a few specific cross sections are known as a function of
energy and these have been summarized by Badhwar
and Daniel. "An important reason for the lack of data
is that, when a proton beam bombards a particular
target, the fragments of interest are left at rest in the
laboratory and often only rare unstable products are
readily detectable. Despite reservations related to the
facts that different reaction mechanisms might produce
a different energy dependence of the unknown reactions
and that the very low-energy regions of the parameters
(&70 Mev/nucleon) are quite uncertain, the frag-
mentation parameters have been estimated on the basis
of the existing data. The energy dependence of the most
important parameters used in the calculation is shown

'0 W. H. Barkas and M. J. Berger, Natl. Acad. Sci., Natl. Res.
Council Publication 1133, 103 (1964)."G. D. Badhwar and R. R. Daniel, Progr. Theoret. Phys.
(Kyoto) Bo, 615 (1963).
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TAmz I. Asympotic fragmentation parameters and interaction mean free paths.

(a) High-energy (E)1 BeV/nucleon) fragmentation parameters (the average number of secondaries of type jproduced by a primary
of type i) in hydrogen, from the summary and calculations of Badhwar et al. (Ref. 12) and Kaplon and Skadron (Ref. 14).

Primary (20&Z& 30) (10&Z& 19)
Secondary

{6&Z&9) (3&Z&5) He4 He'

(20&Z&30)
(10&Z& 19)
(6&Z&9)
(3&Z&5)
He4

0.43 0.16
0.29

0.08
0.29
0.31

0.13
0.25
0.50
0.21

1.27
1,26
1.26
1.27
0.07

0.15
0.15
0.20
0.20
0.40

(b) Interaction mean free paths in hydrogen (Ref. 12) at high energies (E&1 BeV/nucleon)

Charge (20(Z&30) (10&Z& 19) (6&Z&9) (3(Z&5)
X (g/cm') 2.6 4.2 6.3 9.8

2
14.6

in I'ig. 1; the high-energy values which the parameters
were assumed to approach are shown in Table I." '4

In preparing this figure and table, where data were
not available, we have assumed that the tendency for
the cross sections to fall to zero below some energy Ep
was a function of the charge, Z, and in particular the Ep
increased with increasing Z and with increasing change
in Z from primary to secondary particle. An alternative
energy dependence of A. (6 9, 3 5) which emphasizes the
oxygen parents more strongly is also shown in Fig. 1.

By using the calculation and the parameters
discussed above, the relative abundances of various
charge species can be calculated for various source
spectra. As was stated previously, it will be assumed
that all nuclear species have the same spectral shape at
the source and differ only in intensity. Differential
spectra were selected which ranged in degree of variation
in energy from 1/E", where E is the particle kinetic
energy per nucleon, to curve A in Fig. 2"" which

0.2

IO I

D

IO2

O

Zi
L
O

X
IO—

represents the May 1965 spectrum of helium nuclei
extrapolated back through 2.8 g/cm' of interstellar
hydrogen. This latter form presumes the complete
absence of solar modulation and therefore represents
one extreme for the spectral shape.

Next it is necessary to select the relative abundances
at the source. As was stated in Sec. II, the abundances

E
u—0. 1—

/h (6
19), (6-9)

1/h (H

0
10 IOO 1000

KINETIC ENERGY ( Me Y /nucleon)

(10-19, 3-5)

-5)

-I
IO

IO IOO I OOO

Fxo. 1. Variation of various mean free paths with energy de-
duced from the experimental data summarized by Badhwar and
Daniel (Ref. 11).See the text for a discussion of these curves. The
numbers in the subscripts of h. (;,;) in the figure refer to the charge
interval.

"G. D. Badhwar, R. R. Daniel, and B. Vijayalakshmi, Progr.
Theoret. Phys. (Kyoto) 28, 607 (1962).

"M. W. Friedlander, K. A. Neelakantan, S. Tokunaga, G. R.
Stevenson, and C. J. Waddington, Phil. Mag. 8, 1691 (1963).

"M. F. Kaplon and G. Skadron, Nuovo Cimento 34, 1687
(1964)."E.N. Parker, Interplanetary Dynamic Processes (Interscience
Publishers, New York, 1963).

KINETIC ENERGY {MeV/nucleon)

FIG. 2. Some of the source spectra assumed for the calculations
in this paper. "A" represents the May 1965 cosmic-ray helium
nuclei spectrum extrapolated back to the source; "B"is the curve
0.6/WQ s, where W& is the total energy in BeV/nucleon; "C" is
the spectrum which both the protons and helium nuclei could have
if they had similar rigidity spectra at the source and underwent
a diRusion-convection —type modulation (Ref. 15) within the
solar system (Ref. 16), and "D" is the curve 107/EzP', where
E~ is the kinetic energy in MeV/nucleon.

"C. E. Fichtel, N. Durgaprasad, and D. E. Guss, Ninth
International Conference on Cosmic Euys (The Institute of Physics
and the Physical Society, London, 1966), Vol. 1, p. 371.
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FIG. 3.The calculated light to medium nuclei ratio as a function
of energy for a source spectrum of the form of curve 8 in Fig. 2,
1/A. (6 g, 3 5)yr, and the interstellar paths indicated in the figure.

of He' and light nuclei were chosen to be zero at the
source. In order to establish the best estimate for the
remainder of the abundances it is necessary to know
the average amount of material traversed by the
particles from the source to the earth. The best estimate
now available for the amount of interstellar matter
traversed comes from the relative abundance of light
nuclei at high energy. Therefore, in this paper the
amount of interstellar material was determined from
the light-to-medium-nuclei ratio, and then it was seen
to be consistent with the other data. Tn the experimental
results to be presented in Sec. V, it will be seen that the
best estimate we obtained for the average amount of
interstellar rnatter traversed is 2.8&0.4 g/cm'. The
relative abundances at the source used in the final
calculation for helium, medium (6(Z&9), (10(Z
&19), and (Z&20) nuclei were 12.1, 1.00, 0.36, and
0.13, respectively.

The results of the calculations are displayed in Figs. 3
through 8 so that the role of the various parameters
involved may be seen. Figure 3 shows the light to
medium ratio for various amounts of interstellar
material for a particular source spectrum (dJ/dtt
=c/ws 5, where w is the total energy/nucleon, form II
of Fig. 2) with h(g 9, 3 5)rr having been used in the
calculation. The increase in this ratio as one proceeds
to lower energies results from the combined effects of
the increases in cross sections for creation of light
nuclei and the differing energy loss rates of light and
medium nuclei. The decrease of this ratio at very low

energies arises from the decrease of the cross sections in
this region. One can see that the general character of
the curve is determined after about 1 g/cms of inter-
stellar material. Passage through additional material
only serves to increase the ratio at all energies, although
the increase is somewhat greater at low energies. The
exact shape of the low-energy end is fairly uncertain

KINETIC ENERGY ( M eV /nucleon)

Fn. 4. Variation of the calculated (10&Z&19) and {Z&20)
to medium nuclei ratios with energy/nucleon for a source spectrum
of the form of curve 3 ia Fig. 2 and the interstellar paths indicated
in the figure.

0.4
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IO Io
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KINETIC ENERG Y (MeV/nucleon)

FIG. 5. Variation of the calculated (10&Z&19) and (Z(20) to
medium nuclei ratios with energy/nucleon for a source spectrum
of the form of curve D in Fig. 2 and the interstellar paths indicated
in the figure.

because of the lack of rather critical cross-section
information.

Following Fig. 3, we show the ratios of (10&Z&19)
and (Z) 20) nuclei to medium nuclei in Fig. 4 for the
same source spectral shape. Significant in this 6gure is
the depression of the ratios at low energies after passage
through small amounts of material. This effect arises
because of the extremely high rate of energy loss of the
heavier nuclei at low energies. Subsequently, a partial
equilibrium is established in the low-energy region
between loss of heavy particles via energy degradation
and the supply of heavy particles from higher energies
where they are now' more numerous. At high energies
the ratios decrease more smoothly with increasing
amounts of material traversed, since here the dominant
mechanism is fragmentation of the heavy nuclei.
Figure 5 shows the similar, though more marked,
results using a steeper source spectrum (dJ/dE 1/E").
Notice that the principal di6erence between Figs. 4 and
5 is in the degree of suppression of the heavier nuclei
at low energies.

Continuing to examine the importance of the shape
of the energy spectrum at the source, we note that
Fig. 6 illustrates the light to medium ratio for various
source spectra and the two h. (6 9, 3 5) functions using the
best estimate of the interstellar path length. The
eGect of different source spectra on the helium-to-
medium ratio after passage through 2.8 g/cm' is shown
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FIG. 6. Variation of the calculated light to medium nuclei ratio for the four energy/nucleon spectra of Fig. 2 (labeled A through D),
the tvro types of fragmentation parameters considered (labeled I and II), and interstellar paths of 1.4 and 2.8 g/cm'.
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in Fig. 7, where there is a marked difference in this
ratio at low energies for different source spectra.

The other component of the primary cosmic radiation

which is being considered in the present study is He'.
In the passage of the cosmic rays through interstellar
matter He' is thought to arise predominately from
collisions of He' nuclei with hydrogen. "This interaction
leads to a He'/He' ratio that is independent of energy
above about 200 MeV/nucleon and rises somewhat
below this value. "" "There is also a small contribution
from the interaction of heavier elements with interstellar
matter, and this effect has been taken into account in
the fragmentation equations. The high energy values for
the fragmentation parameters are given in Table I"";
these include the interactions leading to tritons because
they also contribute to the He' population through the
subsequent decay of tritons into He'. The sum of these
effects leads to a He'/He' ratio before modulation that
is estimated to be 0.13 at high energies for 2.8 g/cm' of
interstellar matter and then rises as shown in Fig. 8
toward lower energies. The Hes/(Hes+He4) ratio will

I 1

10~ io~
KINETlC ENERGY (MeV/nucleon)

l

104

Fro. 7. Variation of the calculated helium to medium nuclei
ratio with energy/nucleon for the four source spectra of Fig. 2
t,'labeled A through D), and interstellar paths of 0.0, 0.5, and
2.8 g/cm'.

"A. F. Vickersham, Phys. Rev. 107, 1050 (1957)."P.Tannenwald, Phys. Rev. 89, 508 (1953).
"M. S. Kosodaev, M. M. Kulyukin, R. M. Sulyaev, A. I.

Fillipov, and Y. A. Shcherbahov, Zh. Kksperim. i Teor. Fiz. 38,
708 (1960) LEnglish transl. : Soviet Phys. —JETP 11,511 (1960)g.

~0 W. H. Innes, University of California Radiation Laboratory
Report UCRL-8040, 1957 (unpublished).
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Frs. 8. Variation of the calculated He'/He4 ratio with energy/nucleon for the four source spectra of Fig. 2
(labeled A through D), and interstellar paths of 1.0, 2.0, and 2.8 g/cm'.

be used for comparison with the data, since it is
customarily plotted in this manner in the literature.
Collisions of cosmic-ray protons and helium nuclei with
interstellar helium nuclei may be important, but this
effect is generally thought to be significant only at
very low energies ((50 MeV/nucleon). The interaction
of cosmic-ray helium and heavy nuclei with interstellar
helium should produce effects similar to their interaction
with interstellar hydrogen, but considerably reduced in
intensity because of the relative abundance of inter-
stellar helium relative to hydrogen.

IV. SOLAR MODULATION

Between the time the cosmic rays enter the solar
system and the time they reach the earth, they are
modulated electromagnetically. This effect has been
clearly established in recent years by an examination of
the cosmic-ray flux and energy spectrum as a function
of the period in the solar cycle." ' The modulation
produces a decrease in particle intensity which is
probably both rigidity- and velocity-dependent and
this modulation may also reduce the energy of the
particles. Numerous theories have been put forth to
try to explain this Inodulation and several papers
now" —'4 exist which review and analyze the models in
sufhcient detail that it is not necessary to do so here.
Thus, only a general discussion of the problem will be
presented with specific details given only as necessary
to the development of the discussion.

"%.R. Webber, Progr. Elem. Particle Cosmic Ray Phys. 6,
75 (1963).

~ L. I. Dorman, Progr. Elem. Particle Cosmic Ray Phys. 7,
1 (1963).

"W. R. Webber and F. B. McDonald, J. Geophys. Res. 69,
3097 (1964).

~ C. E. Fichtel, D. E. Guss, G. R. Stevenson, and C. J. Wad-
dington, Phys. Rev. 133, 8818 (1964).

All of the major models proposed, such as the solar
wind model""" the solar dipole model" and the
electric deceleration model, ""depend on electric and
magnetic fields either individually or together; hence,
the modulation depends only on the velocity of the
particle and its charge to mass ratio. Therefore, the
fluxes of particles of the same velocity and charge to
mass ratio are modulated in the same manner, and the
relative abundances as a function of energy derived in
the previous section will remain unchanged for these
particles except that a given group of particles might be
shifted to a lower energy.

If two particles have a slightly different charge to
mass ratio, they will be decelerated by somewhat
different amounts in terms of energy/nucleon, thereby
possibly altering the ratio of two charged particles
groups. Further, in the solar wind theory, for a given
velocity, the flux of particles with the smaller charge to
mass ratio (or greater rigidity) will be depressed least.
In this latter case, the light-to-medium-nuclei value
will be enhanced in the region of the energy spectrum
where this effect is important since the average charge
to mass ratio (Z/M) for light nuclei is 0.44, as compared
to 0.50 for medium nuclei. Similar considerations apply
to the (Z) 20) nuclei to medium-nuclei ratio, since the
average charge to mass ratio for (Z)20) nuclei is
about 0.45. Conversely, the He'/(He'+He4) value will

be depressed. These last two points have been discussed
by Hildebrand and Silberberg. ~ The exact amount of

"E. N. Parker, Phys. Rev. 109 1874 (1958).' E. N. Parker, Phys. Rev. 110, 1445 (1958)."H. Elliot, Phil. Mag. 5, 601 (1960)."K. Nagashima, J. Geomag. Geoelec. 3, 100 (1951)."A. Ehmert, Proceedings o/ the Moscoro Cosmic Ray Colferersce,
July, 6-11, 1959 (International Union of Pure and Applied
Physics, Moscow, 1960) Vol. IV, p. 142.

'(lB. Hildebrand and R. Silberberg, Phys. Rev. 141, 1248
(1966).
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FIG. 9. Comparsion of the experimental data with the calculated
variation with energy/nucleon of the (Z(10l to medium nuclei
ratio for an interstellar path of 2.8 g/cm'. Letters refer to the
source spectra in Fig. 2, and numbers by the experimental points
give the references.

enhancement or depression depends on the specific
theory, and no exact theory yet exists. It is true,
however, that in the solar wind theory the effect should

probably be greatest in the energy interval from about
0.1 to 1.0 BeV/nucleon during high solar activity, and
in a lower energy region near solar minimum.

Returning now to the question of deceleration, the
electric deceleration model will be considered first.
This theory was originally suggested by Xagashima"
and developed further by Ehmert. ~' In this process it is
assumed that a potential can be defined. Then, the
observed Aux can be calculated immediately relative to
the Aux outside the solar system using the extended
Liouville theorem. Comparisons of the prediction of
this theory to experimental observations have been
made on several occasions. " " The present evidence
seems to indicate that fair, but not perfect, agreement
could be obtained for protons, helium, medium. , and
heavy nuclei for an interstellar path length of about
3 g/cm' and a source spectrum similar to curve II or C
of Fig. 2. However, there are a number of difhculties
with this model. Firstly, with the solar plasma density
which exists, it is dificult to understand how a potential
of the order of that needed, namely 0.2 to 1.0 BV, could
exist at the earth relative to interstellar space. Secondly,
if such a potential existed, it would accelerate electrons,
and there is no experimental evidence from the study
of electrons to indicate that this has occurred. '4 In fa,ct,
the work of Abraham eI, al. '4 indicates that if there has
been any acceleration of the electrons at all, it has not
exceeded about 1.5 MeV. Thirdly, if such a potential
existed, the decrease in the light-to-medium-nuclei
ratio below about 100 to 150 MeV/nucleon would

disappear, because this effect was due to the decrease in

g' F. B.McDonald, Nuovo Cimento Suppl. 2, 500 (1958).
"C.E. Fichtel, Nuovo Cimento 19, 1100 (1961).
~ P. S. Freier and C. J. Waddington, Space Sci. Rev. 4, 313

(1963).
~ P. Abraham, K. Brunstein and T. Cline (to be published).

cross sections for the production of light nuclei below
t.hese energies in interstellar space, and these particles
cannot reach the earth if there is a potential that large.
The rise in the light to medium nuclei ratio due to the
increase in the appropriate cross-section values at
intermediate energies combined with a small, but
contributing modulation effect would then lead to a
light to medium nuclei ratio which continues to rise
toward lower energies —contrary to observation, as
will be seen in the next section. One final difhculty is
that the source spectrum which would give the best
agreement between the proton and alpha data in the
electric-deceleration model is too steep to agree with
the heavy to medium nuclei ratio, if it is assumed that
all source spectra have the same shape.

As was mentioned earlier, there could be other types
of decelera, tion such as the inverse betatron effect" or
the Fermi mechanism" which would decelerate both
nuclei and electrons. Most estimates suggest that these
effects are small; however, Parker" has shown that the
betatron effect might be important. With either of
these latter mechanisms, the first objection listed
before is naturally removed since large potentials over
great regions of space are not required. With respect to
the second earlier objection, electrons would now be
decelerated as well as protons, rather than accelerated.
Existing radio-astronomical data, "" though inconclusive,
suggest that electrons have not been severely decel-
erated: such deceleration would imply that the Qux

of high-energy electrons is much larger outside the solar
system than near the earth, and has a steeper spectrum
at a few hundred MeV. However, if the low-energy
(1—10-MeV) electrons have a higher velocity than
protons of the same energy, and a much lower rigidity—
perhaps small enough that they can virtually follow
the field lines into the solar system without being
appreciably scattered —they may not be appreciably
decelerated because, as Parker pointed out, the degree
of deceleration in the betatron case, and in most models
based on the Fermi mechanism, depends on the time
spent in the solar system. The considerations with
respect to the light to medium-nuclei ratio remain,
but these cannot eliminate the possibility of a small
deceleration. The degree of deceleration, especially at
low solar activity when the relevant data were obtained,
must then be relatively small, and the relation between
the proton and helium spectra probably must be
explained in another way than by appreciable decelera-
tion in the solar system.

It is still possible that there may be some deceleration
of the cosmic rays by the solar system during periods
of high solar activity. An interesting test would be the
observation of a shift in the peak. of the light-to-
medium-nuclei ratio to low'er energy as solar activity
increases. Good spectral data would be needed to
separate deceleration effects from depressive rigidity

~~ V. L. Ginzburg and S. I. Syrovatskii, The Origin of Cosmic
Rays (Macmillan Co, , ¹wYork, 1964), p. 326.
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dependent effects, but by studying other ratios, such as
He'/(He'+He') and protons to helium nuclei, it should
be possible to do so.

V. DISCUSSION

Comparison with Experimental Data

Having discussed the interstellar travel of cosmic
radiation and the solar modulation, it is now appropriate
to compare the predictions of the theories to the
experimental results —making a particular effort to
separate the effects of the two phenomena wherever
possible. In what follows the experimental data will be
examined from the viewpoint of investigating the solar
modulation, interstellar travel, and the original source
spectra and composition.

In the last section it was demonstrated that the solar
modulation probably depends only on the velocity and
the charge to mass ratios of the particles. Since, cruxes
of particles with the same velocity and charge to
mass ratio would be reduced by the same amount, leav-
ing the relative abundances unchanged. These same
relative abundances as a function of energy/nucleon
therefore would also exist outside the solar system and
be directly comparable to those calculated in Sec. III.
Figures 9 and 10 show the ratios of (Z&10) nuclei and
(Z&20) nuclei to medium nuclei as measured by
several experimenters. "" Since these ratios seem
independent of the period in the solar cycle, no attempt
has been made to separate the measurements into
different time periods. In fact, the very heavy to
medium ratio might be expected to vary somewhat with
time in the solar cycle because of the difference in the
modulation effect resulting from the small difference in
the charge to mass ratio mentioned in the previous
section. The curves for the predicted ratios as a function
of energy for 2.8 g/cm' of interstellar materia, l and
several different source spectra are also shown in Figs. 9
and 10. There is generally good agreement between the
experimental values and the calculated curves. No real

"H. Aizu, Y. Fujimoto, S. Hasegawa, M. Koshiba, I. Mito,
J. Nishimura, and K. Yakoi, Progr. Theoret. Phys. (Kyoto)
Suppl. 16, 54 (1960).

"M. Koshiba, E. Lohrmann, H. Aizu, and E. Tamai, Phys.
Rev. 131, 2692 (1963)."G. M. Comstock, C. Y. Fan, and J.A. Simpson, in Proceedings
of the ninth International Conference on Cosmic Rays (The Insti-
tute of Physics and the Physical Society, London, 1966), Vol. 1,
p. 383.

'9 P. S.Freier, E. P. Ney, and C. J.Waddington, Phys. Rev. 113,
921 (1959).

40 R. R. Daniel and N. Durgaprasad, $. Phys. Soc. Japan 17,
Suppl. A III, 15 (1962).

4'F. W. O'Dell, M. M. Shapiro, and B. Stiller, J. Phys. Soc.
Japan 17, Suppl. A III, 23 (1962).

4' P. L. Jain, E.Lohrmann, and M. W. Teucher, Phys. Rev. 115,
654 (1959)~

4' C. M. Garelli, B. Quassiati, and M. Vigore, Nuovo Cimento
15, 121 (1960).

4'I. S. van Heerden and B. Judek, Canadian J. Phys. 38,
964 (196O) .

4' D. V. Reames and C. E. Fichtel, preceding paper, Phys. Rev.
149, 991 (1966).

4' C. E. Fichtel, D. E. Guss, and K. A. Neelakantan, Phys. Rev.
138, B732 (1965).
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FlG. 10. Comparison of the experimental data with the cal-
culated variation with energy/nucleon of the (Z&20) to medium
nuclei ratio for an interstellar path of 2.8 g/cm' and (Z&20) to
medium nuclei ratios at the source of 0.125 (solid curves) and
0.15 (dashed curve). Letters refer to the source spectra in Fig. 2,
and numbers by the experimental points give the references.

selection of source spectra can be made from these data
alone with the exception of rejecting very steep source
spectra of the form of curve D in Fig. 2 or steeper.

The similar data" " "for the helium to medium ratio
are shown in Fig. 11. In order that there be agreement
between the calculated curves and the data in this case,
the source spectrum must be quite Oat—approximately
of the form of curve A or' 8 in Fig. 2. Here again it has
been assumed that the cosmic radiation has passed
through approximately 2.8 g/cm' of interstellar
material, as the relative abundances of the light nuclei
indicate. As has been mentioned, a small error in the
path length (&1 g/cm') does not affect this conclusion
because of the relatively slow variation of the curve
for the medium-to-helium-nuclei ratio with interstellar
path length after the first g/cm'.

Jn Fig. 12, the experimental data (Refs. 37, 40, 42,
45—47, 51, 53) for the (Z&20) to helium-nuclei flux
ratios are compared to the predicted curves. The
somewhat poorer agreement between the predicted
curves and observed points in Fig. 12 seems to be due
primarily to differences in experimental data —that is,
higher values for the (Z&20) to helium nuclei ratio
than the directly measured values of Ref. 51 are
obtained at high energies by taking ratios of the exper-
imental data presented in the two previous figures.

The light to medium ratio has a more complicated
energy dependence as was shown in Fig. 6. The exper-

4' Y. K. Lim and K. Fukui, J. Geophys. Res. 70, 4965 (1965)."F.B. McDonald and W. R. Webber, J. Geophys. Res. 67,
2119 (1962).

49 V. K. Balasubrahmanyan, D. E. Hagge, G. H. Ludwig, and
F. B. McDonald, J. Geophys. Res. 71, 1771 (1966).

'0 P. S. Freier, J. S. Rno, and C. J. Waddington, in Proceedings
of the ninth International Conference on Cosmic Rays (The Insti-
tute of Physics and the Physical Society, London, 1966), Vol. 1,
p. 387.

"W. R. Webber, J.F. Ormes, and T. von Rosenvinge, in Ref.
5, p. 407."W. R. Webber and J.Ormes, in Proceedertgs of tke 19631Up& p
Cosmic Ray Conference, JaiPur, India (Commercial Printing
Press, Ltd. , Bombay, India, 1963).

C. J. Waddington and P. S. Freier, in Proceedings of the ninth
International Conference on Cosmic Rays (The Institute of Physics
and the Physical Society, London, 1966), Vol. 1, p. 390.
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FIG. 11. Comparison of the experimental data with the cal-
culated variation with energy/nucleon of the helium to medium
nuclei ratio for an interstellar path of 2.8 g/cm'. Letters refer to
the source spectra in Fig. 2, and numbers by the experimental
points give the references. The uncertainty in the ratio of Ref. 38
may be larger than indicated because the majority of the medium
nuclei were in a higher energy/nucleon interval than the helium
nuclei, and, therefore, a knowledge of the spectral shape is
assumed. A similar comment applies to Ref. 45 since the He
cruxes used were not obtained at the same time.
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FIG. 12. Comparison of the experimental data with the cal-
culated variation with energy//nucleon of the (Z&20) to helium
nuclei ratio for an interstellar path of 2.8 g/cm', and (Z) 20) to
helium nuclei ratios at the source of 1.05)&10 ' (solid curves) and
1.25&(10 2 (dashed curve). Letters refer to the source spectra in
Fig. 2, and numbers by the experimental points give the references.
The uncertainty in the ratio of Ref. 45 may be larger than indicated
because the (Z)20) nuclei were observed at a somewhat different
time than the helium nuclei, and, therefore, a knowledge of the
spectral shape is assumed.

imental data (Refs. 32, 3/, 38, 45, 49—51, 54—56) for
the light to medium ratio are compared to the predicted
values for 2.5, 2.8, and 3.1 g/cms of interstellar rnatter
in Fig. 13 for a spectrum of the form of curve 8 of Fig.
2. The reason for choosing approximately 2.8 g/cm' for
the interstellar path length is now, of course, clear from
an examination of the high-energy region of the curve,
where the ratio is indpendent of spectral shape. Notice
that there is reasonable agreement in the energy range
from 150 to 1000 MeV/nucleon, especially since the
modulation eGect will also probably increase the light
to medium nuclei ratio slightly in this region, whereas
at high and possibly very low energies it will not.
Estimates" of the importance of this effect indicate
that it might cause the light to medium nuclei Aux ratio
to increase by from 0 to 25% over the values in Fig. 13
in the energy region around 300 MeV/nucleon where
the e8ect is thought to be most pronounced during the
period when the measurements were made. Later in
this section, we shall discuss reasons for believing the
increase is nearly zero near solar minimum.

In the low-energy region there is not enough informa-
tion to determine the variation with energy of the cross
sections leading to the production of light nuclei. If the
approach is assumed to be correct, the results wouM
indicate the cross sections were closer to the type-II
cross sections than to the type-I values. Since the type-
II cross sections emphasize oxygen this result is in
agreement with the conclusions of Reames and Fichtel4'
which show' oxygen to be more abundant than carbon

'4 V. K. Balasubrahmanyan and F. B. McDonald, J. Geophys.
Res. 69, 3289 (1964).

"G. D. Badhwar, S. N. Devanathan, and M. F. Kaplon,
J. Geophys. Res. 70, 1005 (1965)."F. Foster and A. Debenedetti, Nuovo Cimento 28, 1190
(1963).

(especially at the source). These data also argue against
steep source spectra which yield large light to medium
nuclei ratios at low energies (see Fig. 6).

Looking next at the He'/He results, Fig. 14 shows
that, with the exception of three points, the exper-
imental data" " seem to agree well with the curve
which represents the expected ratio for a source spec-
trum of the form of A or 8 in Fig. 2 and 2.8 g/cms of
interstellar material. Since the three data points at
higher energies which disagree were tak.en at times close
to the other experiments, the discrepancy must be
considered as one between experiments rather than
between calculated and observed values. The recent
experiments which have resolution and record the
particles themselves directly all agree with the curve.
Thus, until there is further evidence to the contrary, we
shall assume the data points agree with the curve. This
is consistent with the previous discussion of a relatively
Oat source spectrum and little modulation near solar
minimum.

"M. V. K. Apparao, J. Geophys. Res. 67, 1289 (1962)."C.Dahanayake, M. F. Kaplon, and P. j'. Lavakare, Univer-
sity of Rochester Report URPA-31, 1964 (unpublished).

'9 F. Foster and J. H. Mulvey, Nuovo Cimento 27, 93 (1963).~ B. Hildebrand, F. W. O'Dell, M. M. Shapiro, R. Silberberg,
and B.Stiller, in Proceedings of the f963 IUPAP Cosmic Rtty Con
ference, Jaipur, India {Commercial Printing Press, Ltd. , Bombay,
India, 1963), Vol. 3.

"H. Aizu, in ProceeChngs of the 1963 IUPAP Cosmic Ray Con-
ference, Joipttr, India (Commercial Printing Press, Ltd , f963), .
Vol. 3, p. 90."D. J. Hofmann and J. R. Winckler, Phys. Rev. Letters 16,
109 (1966).

~ W. R. Webber and J.F. Ormes, Phys. Rev. 138, B416 {1965).~ F, W. O'Dell, B. Hildebrand, M. M. Shapiro, R. Silberberg,
and B. Stiller, Regional IQSY Symposium, Buenos Aires, 1964
(unpublished)."S. Biswas, P. J.Lavakare, S. Ramadurai, and ¹ Sreenivasan,
in Einth International Conference on Cosmic Rays (The Institute
of Physics and the Physical Society, London, 1966), Vol. 1, p. 368.
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In the low-energy region, modulation would reduce
the He /He ratio. As was indicated before, it is difficult
to know the degree of the suppression produced by the
modulation; however, it would be a larger effect than
that for the light to medium nuclei ratio because of the
larger difference in the charge to mass ratio. The
Hes/He ratio, therefore, represents an interesting test of
rigidity-dependent solar-modulaton effects, and it can
be used throughout the solar cycle as a check for the
conclusions deduced from proton and helium studies.

Degree of Solar Modulation

The considerations presented in Sec. IV indicated
already that there is no appreciable deceleration of the
cosmic rays near solar minimum, but the question of
whether the depression of the cosmic ray Aux is or is
not appreciable has yet to be considered. Earlier in this
section it was seen that, if the average interstellar path
length of 2.8 g/cm' —deduced from the light to medium
nuclei ratio —is used, the observed relative abundances
of He, medium, and (10)Z) 19) nuclei can be produced
for similar source spectra only if the source spectrum is
very nearly that which will give the cosmic-ray-
maximum spectra after passage through 2.8 g/cm', that
is, speciically of the form of curves A or 3 in Fig. 2.
The observed very heavy to medium nuclei ratio is
also consistent with this type of source spectrum; but
this is a slightly less severe test because the latter
ratio could, in principle, be enhanced by modulation at
low energies since the very heavy nuclei have slightly
smaller charge to mass ratios than the medium nuclei.
With the stated assumption, the data on relative
abundances mentioned above imply that the cosmic
radiation is only very slightly modulated when it
reaches its maximum value near solar minimum.

If there is in fact very little or no modulation near
solar minimum, then the proton and helium nuclei

apparently have very different energy/nucleon spectra.
This statement follows from the fact that if they have
the same energy/nucleon spectra a very large modula-
tion is needed to produce the observed proton to helium
nuclei ratio as a function of energy. "It is also unlikely
that the rigidity spectra of the protons and helium nuclei
are similar at the source under the same assumptions if
the data are correct because the source spectra predicted
for helium nuclei would then be of the form of curve C
in Fig. 2."An alternative possibility is that the proton-
to-helium-nuclei ratio is in fact about 5 for the same
energy/nucleon as observed at low energies, and the
Aux measurements at high energies have been in error in
that a satisfactory albedo correction has not been made.
Analysis of the albedo correction made by McDonald"
makes the latter alternative seem unlikely.

An acceleration mechanism that is both velocity and
rigidity dependent, such as a modified Fermi mech-
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1'IG. 14. Comparison of the experimental data with the cal-
culated variation with energy/nucleon of the He' to (He'+He4)
nuclei ratio for an interstellar path of 2.8 g/cm'. Letters refer to
the source spectra in Fig. 2, and numbers by the experiment+
points give the references.
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anism' "" could produce diff'erent source energy/
nucleon spectra for particles with different Z/M values
such as helium nuclei and protons. An example of this

type of acceleration occurring in nature is the solar
cosmic-ray case. If such a difference exists between
proton- and helium-nuclei spectra, a difference would
be expected in the helium and very heavy nuclei
spectra also, but it would be small because of the small
difference in charge to mass ratio. This feature may
explain the tendency of the predicted ratio for (Z) 20)
nuclei to helium nuclei to fall slightly above the
observed values at high energy in Fig. 12.

It shall be remembered that both He' and light nuclei
are assumed to be secondaries formed in interactions in
interstellar space; so their energy spectra presumably
reQect those of their parents except for the effect of
diferent rates of energy loss as discussed in Sec. III.

Other Theoretical Interpretations

There are a number of other possible theoretical
approaches related to the study of cosmic radiation
which in general are more complex and involve more
adjustable parameters and assumptions. We shall now
examine a few of the more prominent of these in the
light of what has been discussed.

The first is the possibility of varying path lengths for
different particles. Since the travel of cosmic rays is

probably a diffusion process, some cosmic rays may have
traversed more material than others. Balasubrah-
manyan et a/. " have treated this problem recently in
some detail. An examination of the results preserited
here for path lengths from 1 to 6 g/cm' indicates that
the variation of ratios and Quxes is sufficiently slow and
smooth that the conclusions reached on the basis of
assuming all cosmic rays will have traversed a given
amount of material, Xo, will be essentially the same as
assuming a reasonable distribution about an average
value of Xo.

Another possibility is that the average path length
varjes with--the--energy of the- particle. Apparaov' ' has
considered the eQect of this possibility and gives the
necessary form for' the variation to obtain agreement
with some of the experimental data under the assump-
tion that the cross sections (or fragmentation param-
eters) are independent of energy and the source spec-
trum is of the form c/w&+'. There seem to be several
detail difficulties, but the most striking disagreement is
in the low-energy light-to-medium data recently
obtained and shown in Fig. 12.

Kaplon and Skadron" have pointed out that agree-

67 D. G. Wentzel, J. Geophys. Res. 70, 2716 (1965).
' S. Hayakawa, J. Nishimura, H. Obayashi, and II. Sato,

Nagoya. University report, 1965 (unpublished).
b9 V. K; Balasubrahmanyan, E. Boldt, and R. A. R. Palmeira,

Phys. Rev. 140,':B1157 (1965).
"M. V. K. Apparao, Nuovo Cimento 32, 1158 (1964)."K. Apparao, Proc. Indian Acad. Sci. 62, 78 (1965).
"' M. F. Kaplon and G. Skadron, Rev. Geopbys. (to be

published).

ment can be obtained with the experimental data for
the light to medium ratio if the path length erst
increases with energy to about 200 MeV/nucleon and
then decreases and finally approaches a constant at
high energies. They suggest that this energy dependence
of the path length may result from a rigidity-dependent
escape mechanism at the source. The necessity of this
assumption seems to be eliminated when the variation
of the interaction mean free paths with energy is
considered.

Another approach to an explanation of the observed
relative abundances has been presented by Lim and
Fukui. They point out that the heavy to medium and
medium to helium ratios could be explained by a large
residual deceleration in the solar modulation. There
remains, however, the difFiculty of the light to medium
nuclei ratio at low energies in that case, as mell as the
other problems mentioned in the modulation section.

Comstock, Fan, and Simpsons' have re-emphasized
that the relative abundance of light nuclei relative to
heavier ones has been the principal reason for assuming
the cosmic rays have passed through about 2.8 g/cm',
and, if, on the other hand, the cosmic rays have passed
through almost no material, the relative abundances of
helium, medium and heavier nuclei would remain
virtually independent of energy, as is observed. An
examination of the electron data" also suggests the
possibility that the cosmic rays may have passed
through very little material. Therefore, if there is some
reasonable way of explaining the presence of light
nuclei and He' in the source region before acceleration
with their particular relative abundances as a function
of energy, the study of interstellar travel can be
reexamined without the restriction of a path length of
several g/cm'. This suggestion —although an interesting
possibility which should not be completely ignored—
presently seems much less likely than the formation of
light nuclei in collisions in interstellar space for the
reasons stated in Sec. II of this paper.

Finally, some data'4 seem to indicate that the helium
to medium nuclei ratio may increase again at high
energies ()5 BeV/nucleon). It has been suggested by
Apparao7' and Webber"4 that this characteristic, may be
due to a difference in the energy spectra of helium and
medium nuclei. There is no evidence to indicate that
the cross sections for medium nuclei incident upon
hydrogen increase appreciably at high energies, or that
the cross section for helium nuclei incident upon hydro-
gen deer'eases appreciably. Thus, if the helium to
medium nuclei ratio in the region from 5 to 50 BeV/
nucleon 'should prove larger than that in the 0.5 to
5 BeV/nucleoii region, a real difference in source
spectra would apparently be indicated.

"K. A. Brunstein and T. I.. Cline, NASA Report X-611-65- 79,
1965 (unpublished).

74 W. R. Webber, ig. I'roceedings of the ninth International Con-
ference on Cosmic Rays (The Institute of Physics and the Physical
Society, London, 1966},Vol. 1, p. 403.
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If this difference is accepted, then virtually any model
will give satisfactory agreement with experiments for
some set of source spectra. Since at this time there is no
compelling reason to choose any particular set of relative
source spectra other than assuming all particles with the
same charge to mass ratio have the same energy/
nucleon spectra as chosen here, this possibility will not
be explored further.

VI. CONCLUSION

The analysis which has been presented here shows
that the experimental data on the multiply charged
cosmic-ray nuclei seem to be in generally good agree-
ment with the predictions on the simple set of assump-
tions made at the beginning of the article. As a re-
minder, these were:

(a) All multiply charged cosmic-ray nuclei have the
same spectral shape at the source.

(b) The relative abundances of He' and light nuclei
at the source are negligibly small compared to those
of He4 and medium nuclei, respectively.

(c) The average amount of interstellar matter
traversed is independent of energy.

With these assumptions it is possible to obtain
reasonably good agreement with the experimental data
on the relative abundances for the multiply charged
nuclei under the following conditions:

(a) The differential energy spectra at the sour ce must
be quite Oat of the form of curve A in Fig. 2 or possibly
curve 8, but not much steeper than 8 and certainly not
as steep as curve C. This condition is set particularly
strongly by the helium to medium nuclei Aux ratio as a
function of energy.

(b) The average interstellar path length is 2.8+0.4
g/cm'.

(c) The relative abundances of the helium, medium,
(10&Z&19) and (Z&20) nuclei at the source are
approximately 12.1, 1.00, 0.36, and 0.13. The un-
certainty of these numbers is probably between 5%
and 10% if the assumptions are valid.

These results together with the data on the electrons
also imply the following:

(a) There is little or no deceleration in the solar
modulation mechanism at least near solar minimum.

(b) There is very little modulation of the cosmic-ray
spectra near solar minimum, since curve A in Fig. 2 is
in fact the cosmic-ray helium-nuclei maximum spectrum
extrapolated back to the source.

(c) Assuming the observational data to be correct,
protons and helium nuclei have different energy/
nucleon spectra at the source. This conclusion is a
corollary of the preceding conclusion because the
marked difference observed in the cosmic-ray proton
and helium-nuclei spectra must then reQect differences
at the source, since only a very large modulation effect
could explain the different spectra otherwise.

There are also several postulates which have been
suggested which are apparently not necessary in any
marked degree to explain the cosmic-ray data. For
example, it is not necessary to assume an energy-
dependent average path length in interstellar matter.
There is also no need to try to explain the relative
abundances as a function of energy, and in particular
the abundances of helium, medium, and heavier nuclei,
by assuming that light nuclei and He' are formed in
some other way than by fragmentation. This result
follows from the fact that it is possible to reproduce
observed relative abundances from similar source
spectra even after passage through 2.8&0.4 g/cm' of
interstellar matter. Finally, it is, at least presently,
not necessary to assume differences in the energy
spectra of the multiply charged nuclei to explain the
data, although refined data may indicate small dif-
ferences at high energies.

Hence, with the simple stated assumptions, it seems
possible at present to explain the existing cosmic-ray
data and at the same time possibly to gain some
insight into the solar modulation mechanism, the
average amount of material through which cosmic rays
have passed, the source spectrum of the multiply
charged cosmic rays, and the relative abundances of
cosmic ray multiply charged nuclei at the source.
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