
P H VS I CAL REV I EW VOLUME 175, NUMBER 5 2S NOVEM B ER $968

Very Heavy Nuclei in the Primary Cosmic Radiation.
II. Interpretation of the Energy Spectra*
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An attempt has been made to understand the form of the observed energy spectrum of the highly charged
(20&Z&30) nuclei in the primary cosmic radiation. It is shown that the behavior of this spectrum relative
to that of the helium nuclei also present in the cosmic radiation can be explained by assuming that the highly
charged nuclei have two components. The first of these components is dominant at high energies and has a
spectrum at the source that can be represented as a simple power law with a slope somewhat Ratter than
that of the source spectrum of the helium nuclei. The nuclei in this component may be regarded as havIng
traversed several g/cm' of matter between the times of acceleration and of detection. The second component
is of importance only at relatively low energies (a few hundred MeV/nucleon), has a spectrum that falls
steeply with increasing energy, and cannot simply be represented as a power law. The possible consequences
of such a model are briefly considered.

INTRODUCTION
" 'N a previous paper, ' henceforth referred to as Paper
~ - I, we have presented our experimental observations
on the energy spectrum of the very heavy nuclei,
20&Z&30, found in the primary cosmic radiation. In
this paper we discuss our interpretation of these data in
terms of the propagation of these nuclei through the
interstellar medium and the possible spectra at the
"source" of cosmic rays.

The energetic heavy nuclei that we observe near the
earth are the survivors of a complex series of physical
processes that are poorly understood and not well de-
fined. We can identify some of the principal stages that
we believe characterize these processes by tracing these
nuclei backwards in time from the region of observa-
tion. Closest to us, and thus one of the most well studied
of these processes, is the interaction of the nuclei with
the solar environment. This interaction leads to a solar
modulation of the intensity of the nuclei, decreasing the
intensity detected near the earth compared to that
outside the solar system. The magnitude of this solar
modulation is dependent both on the energy of the
nuclei and on the level of solar activity, and the pre-
cise physical mechanism that is involved is not yet
fully understood. In particular, even at times of low
solar activity such as existed during the observations
reported in Paper I, there is considerable uncertainty
regarding the amount and form of the residual modula-
tion. However, there are good theoretical reasons for
believing that nuclei having similar charge-to-mass
ratios will be equally affected by the solar modulation
process. The modulation appears to be some function
of the velocity and rigidity (momentum per unit charge)
of the particles and consequently for nuclei of a similar
A/Z, such as the heavy nuclei considered here, will be
the same for all the nuclei. An experimental comparison
of the modulation of helium nuclei and of all nuclei

* Supported by the U. S. Once of Naval Research under Con-
tract No. Nonr 710-(60).' P. S. Freier and C. J.Waddington, preceding paper, Phys. Rev,
175, 1641 {1968).

with Z&3 made by us a few years ago'is consistent with
this assumption, as are the observations on Z& 6 nuclei
made by many workers. ' Since in this study we are
interested in the heavy nuclei as indicators of the astro-
physical aspects of the cosmic radiation rather than with
the local environment, the solar modulation is merely
a complication to our analysis and we will take the ap-
propriate measures to eliminate its in6uence as far as
possible. In particular, where possible, we will consider
the ratio of the helium nuclei to the very heavy (VH)
nuclei at each energy E, I' vtt(E). If the modulation
function for i-type particles 4';(E) is given by 4';(E)

jt( E) /,j'"' (E&) where j t"(Et) and jee"'"(E&) are,
respectively, the differential intensities of the i-type
nuclei outside and inside the modulation region and if
Ej——E2 ——E, then

j--""(E) j-"(E)+«(E)
I'.va(E) =jva-"(E) jva" (E)+.(E)

thus if 4'v&(E) =@ (E), then I' vtt(E) =j "(E)/
j vtt" (E) and the effect of modulation has been elimi-
nated. In fact for VH nuclei A/Z~2. 1, while for helium
nuclei A/Z~1. 95, due to the approximately 10%abun-
dance of He', and so @vst(E) is not exactly equal to
4' (E) but the effect is unlikely to be large and can be
neglected at this level of analysis.

Note that the efFects of interstellar propagation
cannot be treated in a similar manner because clearly in
this case E~&E2 nor are the Ej's and E2's the same for
helium and VII nuclei. Finally, if solar modulation were
due to an energy loss efFect, so that E&&E2, which was,
however, similar for nuclei with similar A/Z ratios,
then I' vst'"'"(Es) = I' vtr (Er), and the effect of modu-
lation would be to shift the observed ratios to a higher
energy outside the solar cavity.

After modulation the next efFect that will have been
experienced by the nuclei is that produced by the com-

'P. S. Freier and C. J. Waddington, Phys. Rev. 135, 3724
(1964).

3W. R. Webber, in IIarldbuch der Physik (Springer-Verlag,
Berlin, 1967), Vol. XLVI, p. 1.
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bination of physical processes that we include under the
heading of interstellar propagation. It is with these
processes and their effects on assumed source charac-
teristics that we will be primarily concerned, During
the propagation of the nuclei through the interstellar
and/or possibly the intergalactic medium, they will be
subject to the effects of the matter and magnetic 6elds
traversed. The matter will produce the customary
effects of energy loss due to ionization processes and
charge degradation due to nuclear interactions. The
magnitude of these effects will depend both on the
nature and the amount of the matter traversed, which
iIl tuiIl will riepeIld ln soIQe manner oIl the conflguratlon
and strength of the magnetic Gelds experienced by the
nuclei during their traversal of the medium. In addition,
the magnetic field may conceivably affect the energies
of the individual nuclei, producing either acceleration
or deceleration, by, for example, a Fermi-type process.
The nuclei that we are considering here predominantly
have energies in the range 10'+' eV/nucleon and con-
sequently in magnetic fields of the sort typical of the
interstellar medium, 10—&'+'~ 6, have gyroradii of
10" "cm, or of the order of a microparsec. Their
motion is thus entirely dominated by the geometrical
form of the magnetic field lines over a very small scale
length. From observations4 of the depolarization of
21-cm radio sources it can be assumed that the micro-
structure of the galactic field has a scale size less than
1 parsec, but it would seem improbable that it should
be as small as these gyroradii. Hence, in order to
describe the motion of the nuclei it is necessary to make
some assumptions as to the general con6guration of the
galactic field. In addition, it appears, in general, as we
shall see later, that the amount of matter traversed by
the nuclei is much greater than that which wouM be
encountered during a single rectilinear traversal of the
interstellar material in the galaxy, which is at most
0.1 g/cm .Hence it is possible that these nuclei will have
moved through many diferent regions of the galaxy
and, unless the field has a relatively efficient trapping
con6guration, have a good chance of being lost from th.e
galaxy to intergalactic space, so that the factor control-
ling the duration of interstellar propagation may be the
escape probability. It has been customary to assume
that the cosmic radiation is mainly con6ned to the gal-

axy simply because of the high energy density that is
observed locally, but with the observation of the quasi-
stellar sources as regions of almost unhmited energy
even this assumption seems to have little justi6cation,
and the possibility that the radiation is mainly extra-
galactic cannot be ignored. On the other hand, it can be
argued that the very small gyroradii of these nuclei
implies that they are unable to traverse distances of
even a galactic scale without passing through consider-

able amounts of matter. In this case, these particles

4 J. M. Bologna, E. F. McClain, %. R. Rose, and R. M. Soan-
aker, Astrophys. J. 142, 106 (1965),

would have to be regarded as being of a rather local
origin, produced, for example, within our own galactic
arIQ.

Many attempts have been marIe to deduce the
amount of matter traversed by the cosmic-ray nuclei
during their propagation from the source region. ~a
These estimates have been predominantly based on the
observed charge composition of the heavy nuclei and
in particular on. the relative abundances of those ele-
ments that should be rare or absent from the source
region. Studies of the abundances of the "I.nuclei"—
lithium, beryllium and boron —as well as of the abun-
dances of He' and H' have all concluded that "on aver-
age" the heavier nuclei presumeri to produce these
elements by spallation have traversed the equivalent
ot 2—6 g/cm' ot matter. The problem of what form
of distribution of path lengths goes to make up this
average is not well understood. Present models range
from a distribution that is a b function, through a Gaus-
sian, 9 to an exponential. " In any case, this average
value represents the mean amount of matter traversed
by the cosmic-ray nuclei from the moment that the
nuclei acquired sufhcient energy to make nuclear spalla-
tion reactions. It is thus conceivable that much of this
matter was traversed by the nuclei when they had ener-
gies quite different from those at which they are ob-
served. Consequently, it seems well worthwhile to at-
tempt to obtain another measure of the amount of
matter traversed which is based on a different physical
concept. Such a measure should, in principle, be pro-
vided by studying the effects of ionization energy losses
on the shape of the energy spectra of the nuclei of dif-
ferent charges. Since these energy losses are propor-
tional to the square of the nuclear charge, a comparison
of the spectra of two different charge groups couM pro-
vide an indication of the amount of matter traversed
by these nuclei. This measure might be quite different
from that obtained from the charge distribution since it
is indicative only of that matter traversed since the
particles ceased to experience appreciable acceleration.

EXPERIMENTAL OBSERVATIONS

The distribution in velocity of cosmic-ray particles
can be described in terms of several different "motion
parameters. "Of these parameters, those that appear to
have the most physical signi6cance are the total, kinetic
plus rest mass, energy per nucleon, E; the kinetic
energy per nucleon, T; the magnetic rigidity R These
parameters are analytically related, and a description

~R. R. Daniel and ¹ Durgaprasad, Progr. Theoret. Phys.
(Kyoto} BS, 36 (1966).

6 N. Durgaprasad, J. Geophys. Res. 72, 965 (1961').
' S. Biswas, S. Ramaduri, and N. Sreenivasan, Can. J. Phys.

46, S593 (1968).' C. E. Fichtel and D. Reames, Phys. Rev. 149, 995 (1966}.
'V. K. Balasubrahmanyan, E. Bolt, and R. A. R. Palmeira,

Phys. Rev. 140, B1157 (1965).
'0 R. Cowsik, Yash Pal, S. N. Tandon, and R. P. Verma, Phys.

Rev. 158, 1238 it96'I).



of a class of particles in terms of one automatically
delves the description in terms of the other two. How-
ever, it is generally true that experimental uncertainties
are sufIIjLcient to allow plausible representations of ob-
served data in diferent parameters that are analytically
inconsistent. In particular, it is convenient, Rnd con-
ventional, to attempt to represent experimental spectral
data in the form of power laws. Thus if f represents a
motion parameter, the integral intensity of i-type par-
ticles will often be given by

IO:

"R
IO:—

HELIUM

ih
IO:-

where E;(P) and n;(f) are constants over the range of
lp considered. Slmllarlp, tile d1ffcrcntlal lntensltp wlB hc
given by
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FIG. 2. Differential spectra corresponding to
integral spectra in Fig. j..
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The representation of these spectra by power laws is
based partly on the experimental observations that most
components of the cosmic radiation can be described
by such spectra, over limited ranges, except in the region
where solar modulation is most important, and partly
on the theoretical consideration of acceleration and
propagation models, which generally lead to power
laws. In addition, at high energies, where E~T

(A/Z)E, the energy spectra do seem to be consis-
tent with power laws over a wide range of motion
parameter.

%c have, as a consequence, plotted the integral and
differential intensity data for VH and helium nuclei as
functions of each of these three motion parameters,
being careful to take the appropriate mean values in
the manner described in Paper 1.

In Figs. I and 2 we show the integral and differential
spectra of both the VH nuclei and the hehum nuclei,
plotted as function of T, E, and E.These spectra for the

hehum nuclei represent a composite of experimental
data obtained by several groups. "So far as possible only
data obtained when solar modulation was essentially
sixnilar to that prevailing when the measurements of
Paper I were made have been. used.

An examination of these 6gures shows that in general
power-law representations are feasible for each of the
motion parameters above values corresponding to
T~$ BCV/nucleon. Below tllls 'tllc t~lcal "hcndIng
over" of the spectrum usually attributed to solar modu-
lation is generally observed except for the behavior of
the integral E spectrum which shows a marked upward
break. This behavior is, as far as we know, quite uniqu. e
and we shaB return to a consideration of its signi6cance
later.

From these data we can calculate the experimental
values of 1' vtI(T) and these are shown in Fig. 3." It
is the shape of this curve that we must try to explain in
terms of interstcHar pI'opRgRtion Rnd assumed source
characteristics, slncc wc assume thRt thcsc IQeasured
I'Rtlos do represent those pI'cvRlllng outsldc thc solRI'
inAuencc. Note that this curve is not as simple as might
be expected and that the inQucnce of the greater ioniza-
tion energy losses of the VH nuclei at low energies is not
very marked.

IO:—

K ol
E

IG—

X

IO.- Za20

ghwsE" 2.65 R
Ke start with the simplest possible model of propaga-

tion, the "slab" model in which it is assumed the path
length distribution of the nuclei is a b function, so that
all the nuclei have traversed a unique x g/cm' of matter.
We shaH also assume that this matter is all neutral

I . . . , ....i . . . , ....I I . . . . ...,I . I . . . . , ...I
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1IG. f. Integral spectra of helium and Z&20 nuclei plotted as
functions of three difFerent motion parameters. The power-law
1pqsf Qt; to ge dg.ta is yven for each para~et'.

"P.S. Freier and C. J. Waddington, J. Geophys. Res. 73, 436j.
(1968).

In constructing this 6gure the dlfferentlal ratio at the equator
cutoff energy has been obtained from the integral ratio by inuti-
plying by a factor of n /eyII, with g„=j..5 and the value shown
later to provide the best 6t to the high-energy data n&~=I.B.
Letting N„=gy~ would further jgcrease the difFerence between
@e ratjos @f, intermediate and high energies. ,
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Fxo. 3. The experimental values of the ratio of helium to VB
nuclei plotted as a function of kinetic energy. The curves drawn
represent our visual estimate of the most reasonable 6t to the data,
together with an indication of the probable uncertainty in this
estimate.

hydrogen. The difFerential intensity after traversing

kg/cm, j;(f,x), is then given in terms of the intensity
at the source, j;(iP,O), for particle components that are
not seriously influenced by the fragmentation of heavier
nuclei feeding additional particles into the group, which
is true for both the VH and helium nuclei, by

dT'/dx
j'(~,*)=j;(~,0) ~L- /A;(4)1,

dT/dx
(3)

where iP' is the value the motion parameter must have
at the source in order for it to have the value f after
trs,versing x g/cm', dT'/dx and dT/dx are the energy
loss rates appropriate to iP' and f, and A; is the absorp-
tion mean free path at the mean value of the motion

parameter P. The use of a value of A; at an arithmetic
mean value of iP is only an approximation, but appears
amply justi6ed in view of the other uncertainties in-
volved in this calculation. To solve this equation for

j;Q,x), it is then necessary to assume some form for the
source spectra, j,(it',0), and. to be able to calculate

A;(P). We have assumed power laws for j;(lt',0). This
assumption corresponds not only to assuming that the
acceleration mechanism produces particles with a power-
law spectrum, which is a plausible assumption, but also
implies that the particles traverse essentially no matter
during this acceleration phase of their life, which is
perhaps less plausible. However, if the nuclei do tra-
verse appreciable amounts of matter during the accelera-
tion phase, the sects on the charge distribution would

presumably be much more pronounced than those on
the energy spectrum, which to 6rst order would. be un-
altered. Since we wish to calculate intensity ratios which
can be arbitrarily normalized, the values of C;, Eq. (2),
are immaterial. However, those of y; are not, and it is
necessary to study the efFects of varying these param-
eters. Since A;(f) is essentially independent of f at high

energies, where also dT'/dx=dT/dx, j;(f',0) should

have the same shape as j;(iP,x) when f has a value equi-
valent to T)3 BeV/nucleon. Now at very high energies
where all P are equivalent it seems well established. that
y;~2.5 and it is thus plausible to start by assuming that
y;($,0) has this value. For the E spectra this is in reason-
able accord with the observed values, but for the T and
E spectra it becomes necessary to assume that the slopes
have been significantly afFected by solar modulation
even in the range 3& T&10 BeV/nucleon. An alterna-
tive possiblity is to assume that the source spectra
closely resemble those actually observed in this energy
range, i,e., that residual solar modulation is unimpor-
tant, and to put y;(R,O) = 2.1 and y;(T,O) =1.9. In this
case, it is necessary also to assume that. these values
increase quite markedly as T and E.increase, so that the
source spectra are only power laws over a limited range.

In order to discuss the efFects of matter traversal on
the cosmic-ray nuclei it is necessary to know the inter-
action mean free paths X; and fragmentation probabili-
ties I';; of the particular nuclide in the particular me-
dium being considered, since the absorption mean free
paths are given by h.;= =X;/(1 —P;;). Further, since in
this case, unlike that of the extrapolation through the
residual atmosphere, we are dealing with traversal of
amounts of matter that are as much, or Inore, than a
mean free path, the conclusions are strongly dependent
on the values chosen for these parameters. It is thus
necessary to discuss the selection of the relevant param-
eters in detail.

First of all, it is necessary to make some assumption
as to the composition of the medium being traversed

by the particles. This assumption is necessarily model-
dependent, since the composition of the medium may
well be diGerent for particles assumed to spend their
lives in interstellar space than for particles trapped near
the source region. Not only may the composition be
different, but so may the degree of ionization, thus
afFecting the rate of energy loss due to ionization. The
inRuence of difFerent composition and difFerent ioniza-
tions has been considered by several authors, " "and
can have quite a large inQuence of the results since, for
example, the energy loss in ionized hydrogen may be
some two to four times as great as that in neutral hy-
drogen. However, only a small part of the hydrogen in

interstellar space is ionized and so, unless the particles
are con6ned to particular regions, we can largely neglect
this efFect.

In the course of this analysis we shall require values
for the fragmentation probabilities both for group to
group and element to element; consequently, it is
necessary to appeal to data other than the directly
measured parameters. Many studies have been made of
partial spallation cross sections using artificially ac-

"D. Reames and C. E. Fichtel, Phys. Rev. 162, 7291 (1967).
~4M. V. K. Appa Rao and S. Ramaduri, TIFR Report No.

NK 67-2, 1967 I,'unpublished)."N. Dugraprasad, NASA Report No. X-611-67-413, 1967
(unpublished).



celerated protons and generally detecting the production
of radioactive isotopes. Large numbers of these cross
sections are known for a wide range of target nuclei and
incident energies, These data have been used by Rud-
stam" to obtain a five-parameter analytical expression
for the formation cross section of a spallation product of
atomic number Z and mass number A, o (Z,A), in terms
of the mass number of the target nucleus, A~, of the form

o (Z,A)

1.79Lexp(PA, ) (1—2e/3PA &)
—1+see+ see/PA ~$

Xexp(PA —Ei Z—SA+ VA'i'"),

I.O
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Fra. 4. The variation with energy of the fragmentation param
eter for elements in the VH group produced from the passage o
iron, Fe'6, nuclei through hydrogen. Calculated from the Rudstam
equation {Ref.16); see text.
"G. Rudstam, Z. Naturforsch. 21a, 102/ (1966).
'~Note that Durgaprasad (Ref. 6) apparently assumed that

&f=o,, which would imply an approximate 20'Po error for A~=56,"'T&240 MeV.

fr(A&) = exp( —g+hA~),

fs(T) = exp(+k —IT) for T(240 MeV

for T&240 McV.

Here d, e, g, h, k, and 1 are constants having the values
of I1.8, 0.45, 0.25, 0.0074, 1.73, and 0.0071, respectively.
The parameters I', R, 5, Rnd V are given by

P=20E .~~ for T&2100 MeV

=0.056 for T&2100 MeV,
R= dA-'

5=0.486,
V=3.8X j.0 '.

This cxpI'csslon hRs been found to plovldc a lcRson-
able representation of the experimental data, predicting

FIG. $. The variation with energy of the fragmentation param-
eter for iron, Fe'6, target nuclei to produce fragments in the P'II
group. Curves are shown for the cases where lighter iron isotopes
are included and exch.ded. See text «r further details.

the individual cross sections to within a factor of 2.4. A
study of thc variation of thc ratio of the experimentally
observed cross section to that calculated, as a function
of g, shows that in the charge range of lntcrcst to us thc
on]y major divergences are for Sc, Ca, and S, all of
which have o.a,~/o.»~0.5.

glc have used this cquRtlon to cRlculRtc thc fragmen-
tation probabilities, for each of the elements between S
and, the assumed, target as a function of energy, for
target nuclei that are the most abundant isotope of each
element between Cl and Fe, In order to make this cal-
culation o (Z,A) has been determined for all the isotopes
that have any appreciable yield and, in order to simulate
the conditions in the interstellar propagation, all de-
cays except E capture, having a lifetime of less than j.09
years, have been allowed to go to the stable end product.
Note that a selection of 40' years instead would make no
diGerencc, there being no isotopes in this charge range
with half-lives between that of K~, 1.3X10' yr, and
CP', 3.$& 10' yr. The fragmentation parameters werc
then calculated from Za(Z, A)/o;, summed over all the
A values at a particular Z. Figure 4 shows an example of
the calculated, values for Fc" target nuclei. Note that
from the discussion given previously the values for Sc,
Ca, and. S should presumably be reduced by approxi-
mately one-half. From these values for individual ele-
ments we can also obtain the values for charge groups
by suitable sumlr1ing. Figure 5 shows the parameter
I'p. ,z&, both after omitting and including the secondary
Fe nuclei and reducing Se and Ca by half. Since we be-
lieve" that the majority of the nuclei in the VH group
were originally either iron or manganese, the above pa-
rameter is the suitable one to use in the erst-order ap-
proximations to the interstellar propagation calculation.

s O. Mathfesen, C. Long, P. S. Frclerq and C. J. Waddington
Can. J. Phys. 46, S583 (1968).
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source C =Cv~. For each P and for yv~g=2. 5 or the
observed value, we show the situation when y =yvlg
and x is varied from 1 to 5 g/cm' in 1-g/cm' steps and
that for @=3g/cm' and y =yv~+0. 1 or zero.

In making these calculations we assumed that the
absorption mean free path for helium nuclei, A. , mas
23.6 g/cmm in hydrogen and energy-independent. This
value may be compared with that of 15 g/cm' deduced,
for the interaction mean free path from machine ex-
periments, "and that of between I50 and proposed
by Burgaprasad, ' who suggests I' varies between 0.9
and 1.0 with energy. Fortunately all these values are
appreciably greater than the amounts of matter that
we shall consider the particles to have traversed; con-
sequently, the results are not strongly dependent on the
exact value chosen.

Quite clearly none of these calculated curves can come
close to 6tting that observed experimentally, and it
must be necessary to use either a more complex model
of the propagation than the simple slab approximation,
or a more complex source spectrum. Unfortunately,
there is no redundancy in the calculation of F ~~ and
hence any model that introduces additional parameters
cannot be explicitly solved. However, we can discuss
the possible situation in a general way on the basis of
the slab-model curves. One quite plausible explanation
for the shape of the experimental I' y~ curve is that it is
due to a dependence of the path length on the motion
parameter. Now, to a first degree of approximation we
can study the eGects of such a path length dependence
by considering that the eGect on the value I' y~ is
simply given by varying x as P varies in the slab-model
approximation. Thus, on one of the 6gures that show
the eGects of a variable x, the true ratio can be considered
by moving from one curve to another as f is varied.
Such a variation of x with iP is most likely to be a rigidity
eGect and so as an example let us consider a source spec-
trum that is a power law in E with y =yy~ ——2.5, Fig.
6. If, for the sake of argument, we assume that the broad
plateau in F vlr for 1.5&T&4 OBeV/nucle. on corre-
sponds to the traversal of 4 g/cm', then in order to
account for the rapid decrease between 1.5 and 0.7
BeV/nucleon, x would have to be reduced, to 1 g/cm'
or less. Such a small value of x, even if it remained con-
stant at lower energies, would not be sufIj.cicnt to ex-
plain the increase in I' y~ at still lower energies, making
it necessary to invoke an increase in x at these energies.
Furthermore, above 4.0 ScV the apparent decline in
I' g~ also suggests that x must again decrease although
this could be explained by having yy~&y . Similar
conclusions w'ould bc drawn for power spectra in T ol E.
Such a model seems so arti6cial that one cannot place
much reliance on it. An alternative possibility could be
that the source spectra are not indeed power laws, but
instead y changes with energy. However, it can be seen

'9 F. F. Chen, C. P. Leavitt, and A. M. Shapiro, Phys. Rev. 99,
857 (j.955).
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by comparing the eGects of assuming diGerent values of
source &'s that I' zz is not particularly sensitive to quite
large changes in y, so that such an cGect can hardly
explain the observations. Another possible manner in
which one might attempt to exp1ain the experimental
curve of I' y~ is to consider the cGect of a broad path
length distribution at every energy, so that the nuclei
observed would represent a sample that had traversed
a wide range of x. The eGect of such a distribution would
be to produce t/'B nuclei that had on averages traversed
less matter than the corresponding helium nuclei, since

FIo. 8. Similar to Fig. 6 except assuming power lazes in total
energy E at the source. Note that the arbitrary scale of ratio values
in this figure is half those in Figs. 6 and 7.



i656 C. J. %A D D I NGTON AN D P. S. F RE IER

the VH nuclei are more efhciently removed by nuclear
interactions. Since the energy spectrum of the helium
nuclei is not markedly a6'ected by traversal through a
few g/cm' of matter, except at the very lowest energies,
the variation of the calculated ratio will approximately
resemble that typical of a value of x appropriate to
the mean of the distribution of the observed VH nuclei.
Thus such a model can be treated in the same manner
as that just discussed above in which the path length
is a function of the energy only. For these reasons we

do not believe that the observations can be explained

by any reasonable propagation model based on rela-
tively simple source characteristics. Instead we are
forced towards the concept of a two-component model
of the cosmic radiation, or at least for the VH nuclei.

It was remarked previously that the integral tota1
energy spectrum of the VH nuclei as measured by us
showed a remarkable and unique feature in that at low

energies there was an apparent break in the spectrum
in an upward direction. It is tempting to attribute this
break to the appearance of additional particles having
a steep energy spectrum that only contributes appre-
ciably to the total distribution at low energies, Since the
other components of the cosmic radiation, and speci6-
cally the helium nuclei, do not show such an eGect, we

have assumed that this second distribution is made up
purely of VB nuclei, although we cannot exclude the
possibility that lighter nuclei show a similar behavior.
For example, it has been suggested" ' that these nuclei

have a second component at low energies that has
traversed. little if any matter.

The introduction of a two-distribution model for the
VH nuclei makes it impossible to attempt to make a
unique identification of the nature of the indivdiual

spectra. However, we can study the consequences of
making certain plausible initial assumptions in an effort

to understand. the restrictions that can be placed on

such a model. For this reason we have considered what
would be the consequences of assuming a main, or high-

energy, distribution, component 1, which had the form
of a power law in |P at the source and propagated
through x g/cm' of matter, together with a helium spec-
tra that was only a power law in |P. On this basis we will

determine the form of the second VH distribution, com-

ponent 2, necessary to explain the data. Due to the pres-
ence of solar modulation we will treat the data through-
out in terms of the helium to VH ratio, F. The observed
ratio F(obs) is related to the differential intensities at
that particular energy by

I'(obs) =j./[jv&(1)+ jr'(2)],

Now j / j&II(1) represents the calculated ratio I'(calc)
found for various parameters in the previous section.
Thus the ratio for the second component F(2)=j /
j«(2) is given by

I'(calc)I'(obs)
F(2)=

F (calc)—F (obs)

In Fig. 9 we show a plot of F(obs) together with

F(calc) normalized to F(obs) at 7 BeV/nucleon, for

E, 2; and Z source spectra with x=3 g/cm', y =2.5,
and p&&

——2.3, Examination of the effects of varying x
show that these curves are not very sensitive to changes

in x, while varying pz& produces a considerable eGect.

In particular, making yyII=y prevents any sort of
reasonable fit to I'(obs) in the 2-7 BeV/nucleon energy

range. We have therefore calculated I'(2) from Eq.
(4) using the above values of y, yv~, and x.

The corresponding values of jr'(1), jr'(2) and of

jva(1)+jr'(2), the total differential intensity, which

are the intensities outside the solar system, are shown

in Fig. 10.These values have all been normalized to the
experimentally observed value at 7 8eV/nucleon, where

solar modulation is presumably unimportant; hence

they may be directly compared with the experimental

spectrum. The diGerence between this experimental

spectrum and the total spectra then presumably repre-

sents the eBects of solar modulation. The resulting

modulation functions %r~(f) are given in Fig. 11,
which shows that while there is essentially no residual

modulation present if the component-1 source spectrum

E an E spectrum, there is appreciable modulation for an

is spectrum and very large amounts of modulation for

a T spectrum. The nonsmoothness of the curves for

'pre(f) presumably represents a residual inconsistency

in the model or the data since a priori one would expect
these functions to show a smooth variation.

The spectra of component 2 all show a bending off at
low energies from the apparent slope at higher energies.

800

4J

o 700

600

J 500

~ 400
1LI

LL. 500
O
O

cc 200

where jrrI(1) and jr&(2) are the intensities of compo-

nents 1 and 2, respectively.
100

O. I I.O
KINETIC ENERGY IN BeV PER NUCLEON

IO.O

"G. C. Comstock, C. Y. Fan, and J.A. Simpson, Astrophys. J.
146, Si (1966)."S.Biswas, S. Ramaduri, and N. Sreenivasan, Phys. Rev.
149, i037 (1966).

FIG. 9.The variation with energy of the observed ratio of helium
to VH nuclei compared with the calculated variation for source E,
E, and T spectra, assuming g =3 g jcm', y =2.5, and yy~ ——2.3.Al

these curves are normalized at 7.0 BeV/nucle on to the experimen-
tal value there.
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that often observed. for solar produced particles, &2 al-
though with appreciably smaller values of Eo.

The relative importance of the two components can
be seen from an examination of the spectra in Fig. 10.
If these components have traversed diferent amounts of
matter, or indeed if they represent a very different form
of acceleration mechanism, then they may well show
pronounced composition differences. The net CGect of
such diGcrcnces wiB depend on the relative importances;
therefore it may be possible to distinguish the source-
spectrum model that should be used from an examina-
tion of the charge spectrum at low energies. Ind.ecd the
previous proposals for two-component models of the
lighter nuclei have been based on an analysis of the
charge distributions at low energies and require the
second component to have traversed little if any matter.-5
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FIG. 10. The dift'erential intensities of VII nuclei plotted on
overlapping energy scales under the assumptions of E, T, or E
spectra. In each case the experimental spectrum is shown by data—although for the E-spectrum case no curve is shown through
those data because it would confuse the illustration of another
spectrum. Also shown are the deduced spectra, outside the solar'
system, of component 1, component 2, and the sum of these two
components, the total spectrum. The basis for the derivation of
these spectra is given in the text.

These deviations are much too great to bc explained in
terms of the passage of a source power law through any
reasonable amount of matter and wc would prefer to
attribute them to the source spectra themselves. It is
possibly signi6cant to note that the component-2 spec-
trum derived fx'01Tl R T souI'cc spectrum can bc well
represented over the entire range as an exponential
spectrum in rigidity of the form jvIr(2) exp( —R/Eo),
~here 8~~600 MV. This spectrum is very similar to
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FIG 11 The modulation functions deduced from the spectra
of Fig. 10 as a function of kinetic energy for the ease of E, F, or
E spectra.

In the preceding sections we have given what we be-
lieve to be plausible reasons for concluding that at
least the VH nuclei of the primary cosmic radiation are
m, a,de up to two main components, one of which domi-
nates at high energy and thc other of which is only of
importance at low energies. %'e must emphasize at this
point that we do not claim to have pmeed the existence
of these two coIQponcnts. Our cntlre RnRlysls x'csts on
the assumption that the physical processes responsible
for accelerating energetic particles tend to produce
spectra for both VH and helium nuclei tha, t are repre-
sentable over the range of energies 10'~ BeV/nucleon
by power spectra. 1f instead the production spectrum
of the VII nuclei has some complex form widely diferent
from a power spectrum and from that of the helium
nuclei, then it would be unnecessary to invoke a two-
component model. It is also possible, although we be-
lieve it is less likely, that some involved and apparently
arti6cial-propagation model could explain the observed
results. Finally, there is the never to be neglected possi-
bility that a statistical Buctuation in our experimental
results is the cause of our needing to invoke this model.
While it is difBcult to put a confidence limit on results
of this nature, we would remark that to reduce our data
to a form capable of explanation by a simple model
would require several standard deviation Quctuations of
several of the obscIvcd VRlucs.

If we accept the deduction that there are indeed two
components, it is interesting to speculate at least
brieQy about their nature and, origin. First of all it is
clear that these two components are not those recently
proposed by Burbidge ef al.,

"'~ since neither of them can
have traversed some 20 g/crn' ot matter. Component 2
cannot have done so, since if such an appreciable number
of V/I' nuclei were left after traversing some eight mean
free paths of Inattcr, the fragmentation products, with

~P. S. Freier and %. R. Webber, J. Geophys. Res, 68, 1605(1S).
+ G. R. Qurbldgeq W. A. Powlerq and F. Hoyle' Nature 2IQq 22(1967).
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their typical steep energy spectrum, would dominate
the lower charge groups at low energies, Similarly com-
ponent j, cannot have traversed this amount of matter
else the charge spectrum at high energies would be
essentially the spallation spectrum of VB nuclei. I'ur-
thermore, the distribution of elements within the VH
group would be sharply concentxated towards the Iow
end, i.c. towards calcium. It is possibly more tempting
to note that in the only example of particle acceleration
in a steBar object that we have been able to observe
directly, namely, solar particle emission, the resultant
spectrum of these particles has been exponential in
rigidity. The observation that with the correct assump-
tions component 2 can be similarly represented suggests
that these nudei might indeed be the product of general
stellar activity throughout the galaxy. The fact that
these particles appear to be mostly VB nuclei —which
is the reverse of the case for solar particles —would then
suggest that thc pllnclpal contribution to this palticle
population came not from main-sequence stars but from
special classes of sources such as magnetic variables,

Qovasi Rnd eveQ supernovas) Rll of which can be x'lch

in iron-type nuclei. It has been suggested" that accelera-
tion mechanisms in such objects might have the prop-
erty of accelerating only VH nuclei. Since these parti-
cles have small gyroradii it is quite possible that they
Rlc of x'Rthcl locRl origin origlnatlng only ln thc ncRlby
regions of our galactic arm. EnergeticaHy such an as-
sumption seems tenable since the energy density in
these particles is small. Most of the energy is, of course,
carried by the component-1 particles, and these then
must be attributed to an entirely diferent production
and propagation history. Whether they are predomi-
nantly of galactic or extragalactic origin would seem
quite indeterminable, although it is tempting to try and
explain the behavior of the very-high-energy ( 101seV)
er d of the spectrum as R transltlor from a galactic to an
extragalactic population, which would imply R galactic
origin for the component-1 nuclei.

4 A. A. Korchak and S.I. Syrovatskii, Dokl. Akad. Nauk SSSR
5, 'f92 (1958) I English transl. : Soviet Phys. —Doklady 8, 983
(1M9)g.
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Equivalence Principle and. Motion of a Gyroscope
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An incorrect application of the equivalence principle to the motion of a gyroscope in a uniform gravita-
tional 6eld is corrected, and a particular formulation of the equivalence principle is discussed. In applying
the principle of equivalence, the entire physical situation„ including the observer's reference frame, should
bc subjected to an equivalent acceleration in the absence of the Geld, and not just the system under observa-
tion. It is shown ho@i the equivalence principle and the Thomas precession can be used to obtain the preces-
sional angular velocity of a moving gyroscope in a uniform gravitational 6eld. The result is con6rmed by
means of general relativity.

'HE purpose of this paper is to correct an applica-
tion of the equivalence principle to the motion

of a gyroscope in a uniform gravitational Geld, and to
discuss R particular folIDulatlon of the cqulvalcncc
principle. SchiG has considered an apparent paradox
which arises in the motion of a gyroscope. ' If one
considers a gyroscope moving quasistaticaHy in the
gravitational Geld external to a nonrotating, spherically
symmetric mass, then one might at 6rst expect that,
when the distance of the gyroscope from the central
body Rnd the mass of thc ccxltral body Rx'c simul-

taneously increased while keeping the value of the
gravitational acceleration g in the vicinity of the
gyroscope constant, the precessional angular velocity
of thc spin axis of thc gyroscope will approach the va}uc

*Present address: Department of Physics, University of
1sconsin-Milwaukee, Mll~aukcc Misc- 5320I.

~ L. I. Schiff, Nuovo Cimento 17, j.24 (19%).

it has in a uniform gravitational Geld of gravitational
acceleration g. SchiG pointed out that the expected
limit is not approached, and resolved this apparent
paradox by showing that if the precession in the
Schwarzschild Geld~is~to be signiGcant, then the angle
of divergence between the gravitational Geld lines from
the central body can not be ignored.

The precessional angular velocity of the spin axis of R

gyroscope moving quasistatically in the gravitational
Geld of the central mass is given, to lowest order, by'

where r=r/rq g=GPN/r ~ I ls thc posltloll vcctol' of 'tile

gyroscope with respect to the center of the attracting
body of mass m, 6 is the ¹wtonian constant, v is the
velocity dr/dt, and c is the speed of light. A gyroscope
in quasistatic motion is one moving at nonrelativistic
velocity and supported against the gravitational Geld


