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The general problem of the propagation of cosmic rays from their source until they are observed in the
vicinity of the earth is reviewed. The effect of matter on the cosmic-ray composition is considered in detail,
and the effect of diffusion is treated in the depth necessary to study some models of the cosmic radiation
not previously considered in this manner. The results of these calculations show that there are some aspects
of the experimental observations, such as the ratio of light to medium nuclei as a function of energy, which
are not consistent with any equilibrium model of the cosmic radiation which does not include a rigidity
dependence in the mean free path. This conclusion is independent of the source spectrum assumed and is
valid for a large class of source distributions. A series of possible explanations for the discrepancy between
the observed experimental data and the theoretical predictions of the equilibrium picture are considered,
and shown to be unlikely. Faced with this dilemma, attention is turned to a simple nonequilibrium model,
consisting of one fairly close single source superimposed on a general background. This picture was chosen
because it seemed the simplest first step from equilibrium. The calculations show that this picture leads to
considerably better agreement with the experimental data, especially on the ratio of light to medium
nuclei as a function of energy/nucleon. At least one irreconcilable experimental datum remains, namely, the
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one measurement of the fluorine-to-oxygen ratio.

I. INTRODUCTION

HE origin and history of the energetic cosmic rays
which continually bombard the earth is a subject
of considerable interest because of its relation to so
many fundamental aspects of the galaxy and possibly
the universe, including the energy content, the inter-
relationship of matter, magnetic fields, and cosmic rays,
and the nature of the objects which are able to accelerate
particles to such high energies in very great numbers.
In attempting to obtain a fuller understanding of these
questions, one of the fundamental problems which must
be examined is the propagation of the cosmic rays from
their source to the vicinity of the earth where they are
observed.

It is generally believed that after leaving their
sources, cosmic rays diffuse through interstellar space
with their motion being controlled and made random
on a large scale by the magnetic fields. In their passage
through interstellar material at least two mechanisms
affect the cosmic-ray composition and energy spectra;
these are fragmentation produced in nuclear reactions
with the interstellar material and Coulomb interactions
including ionization energy loss. Additional processes
which might affect the energy dependence of the relative
composition include Fermi acceleration in collisions of
the cosmic-ray nuclei with magnetic irregularities in
clouds and a rigidity-dependent escape from the galaxy,
or storage region, if the cosmic rays are limited to some
region and do not pervade all of the universe. It is also
possible that cosmic rays have passed through some
material before leaving the source region, where the
above processes may also occur.

In an earlier paper (Fichtel and Reames, 1966),! the
theory of energy-dependent propagation of cosmic rays
through interstellar space was developed under the
following assumptions: (a) The source energy/nucleon

1 C, E. Fichtel and D. V. Reames, Phys. Rev. 149, 995 (1966).
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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 effectively 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 He! and medium
nuclei, respectively. (c) The average interstellar
potential path length from the source to the earth is
independent of the energy/nucleon of the particle. (d)
The potential path length distribution was reasonably
smooth and did not contain a high percentage of very
long or very short paths. In this same article, alternate
approaches and models suggested in the literature were
also examined.

Subsequently, new measurements on the fragmen-
tation cross sections for cosmic rays interacting with
Interstellar matter have been made, and, in some
instances, their values are markedly different from those
previously assumed. In light of this and new measure-
ments on the relative abundances of cosmic rays, the
calculations were repeated, and the results presented in
a recent paper (Reames and Fichtel, 1967)? together
with a consideration of the problem of possible inter-
stellar acceleration. The relative abundances deduced
in that paper indicated that there seemed to he no
simple way of explaining the experimental results
particularly the relative abundance of the light
(3<Z<5) and medium (6<Z<9) nuclei within the
limits of the assumptions.

The application of the same propagation method to
different types of media including one which more
nearly simulated the source region was accomplished by
Durgaprasad.® He considered an ionized medium, one
consisting of a composition which approximated that of

2D. V. Reames and C. E. Fichtel, Can. J. Phys. 46, S544 (1968).
8 N. Durgaprasad, J. Geophys. Res. 75, 1583 (1968).
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a supernova as nearly as possible, and a partially
ionized region with a small percentage of helium as well
as hydrogen to better approximate interstellar space.
The results of his work showed that within the range of
interest the shape of the rate of energy-loss curve was
virtually the same in all cases, but that the magnitude
of the rate of energy loss was greater for ionized regions.
Also, there was no significant difference between the
rate of energy loss in pure hydrogen and the combina-
tion approximating interstellar space. Thus, in this work
there is no need to be concerned about the exact inter-
stellar composition. If the cosmic rays have spent a
significant percentage of the material path length in an
ionized source region there is an effect, which can
generally be summarized as the suppression of heavier
elements at lower energies.

One approach which goes beyond the assumption of a
single path length for all particles involves assuming
that the cosmic rays are in equilibrium at a given point
and further that there are no spatial variations or
second-order energy effects. It has been shown pre-
viously? that even with the inclusion of a Fermi accel-
eration effect this approach will not give satisfactory
agreement with the experimental data. Cowsik ef al.t
have suggested adding a term to the equation for loss
of particles at a point which is intended to represent
the escape from the galaxy in an equilibrium model.
The mathematical results derived from introducing a
term for loss at a point are given by Cowsik et al.*
and in Reames and Fichtel.? In the latter paper the
predictions are shown to disagree with the experimen-
tally observed ratio of light to medium nuclei. Actually,
the escape of particles should be included as a boundary
condition in the solution of the complete equation and
not as an additional term. Once boundary conditions
are considered, an analysis such as that to be presented
in this paper is appropriate, although only some of the
mathematically simpler cases will be considered here.

In comparing experimental results to theoretical
predictions, the problem could be complicated by the
fact that the local 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 fluxes of these particles
will be modulated in the same way, thereby permitting
the separation of modulation effects from interstellar
energy loss and fragmentation effects.

In this paper, we wish to review and extend the
previous work, first by summarizing the fundamental
considerations and expanding parts of the previous work
to show more clearly the nature of the problem, and
secondly by pursuing the implications of the results and

4R. Cowsik, Yash Pal, S. N. Tandon, and R. P. Verma, Phys.
Rev. 158, 1238 (1967) ; 167, 1545(E) (1968).
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the possible reasons suggested in a previous paper for?
the deviation of the experimental results from those
expected on the basis of the earlier calculations. Other
work on the same subject will also be reviewed at the
appropriate points in the discussion. The conclusions
reached after an examination of various alternatives
will be presented. A two-source model wherein one
recent local source is superimposed on a general cosmic-
ray flux will be given special consideration. Comstock
et al.® have previously suggested a separate two-source
model to explain the lowest-energy cosmic-ray ob-
servations.

II. PROPAGATION THEORY

This section will be divided into two parts. The first
part will be devoted to a brief summary of the problem
of the effect of the travel of particles through matter and
the method used to determine the relative abundances
and energy spectra after travel through any amount of
matter. The second part will involve a discussion of the
diffusion problem, which must be treated more ex-
plicitly now in anticipation of the need to consider more
complex cases than have been examined formerly.

A. Effect of Matter

The present approach to energy-dependent propaga-
tion of cosmic rays through interstellar space is based
on the one described in detail previously,! which in-
cludes both energy loss and fragmentation. The funda-
mental transport equation used there is

a
ZJ—xE‘wi (E-?)x)ji (E87x):]+w'i (Es;x)ji(Esyx)/Ai

'k Esyx

—uE £ 28D
k>i Aki(E&ax)
where ji(E,x) is the flux per unit energy/nucleon of
i-type particles of energy/nucleon E after propagation
through » g/cm? of material given their initial energy/
nucleon to be E; ; w;(E,,x) = (dE/dx); for these particles,
A; is the loss mean free path, A; is the mean free path
for production of i-type particles from &-type particles,
and E, is the energy/nucleon at the source. The specific
assumptions mentioned in the Introduction were dis-
cussed in an earlier paper! in detail. Since the reasons
for believing the first two have not changed, these
assumptions will be kept; however, the third assump-
tion will be examined later, and the fourth in Secs. II B
and III.

The calculations are made in steps of 0.02 g/cm? and
the individual elements from helium through oxygen
and the charge groups 9<Z<19 and Z>20 are con-
sidered. The dominant cross sections used in the frag-

® G. M. Comstock, C. Y. Fan, and J. A. Sim Astrophys. J.
146, 51 (1966). andJ peon, Astrophys. J
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TasLE I. Dominant fragmentation cross section (mb) versus energy (MeV /nucleon).
E 30 50 70 100 150 200 300 500 800 1000 4000 10 000
Reaction 8
VH loss 0 0 0 0 0 0 0 7 26 44 220 400
H loss 36 67 88 105 117 124 133 143 153 160 200 300
O loss 570 450 300 290 290 290 290 290 290 290 290 290
0—N 138 171 154 125 98 90 84 84 86 89 90 920
0—-C 136 96 75 61 55 52 51 50 50 50 50 50
VH—B 0 0 0 0 0 0 0 2 4 6 24 32
H—B 0 0 3 7 11 13 16 19 22 24 24 24
0—B 3 25 38 32 25 25 25 25 25 25 25 25
C—B 114 128 118 98 73 63 54 50 49 49 49 49
O — Be 0 2 5 7 8 8 9 9 10 11 11 11
C— Be 5 18 14 11 10 9 9 11 12 12 12 12
VH — Li 0 0 0 0 0 0 0 1 3 5 15 22
H—1i 0 0 0 2 6 8 12 18 23 25 30 30
O0—Li 0 2 8 16 22 26 30 35 36 36 36 36
C—Li 4 18 20 19 16 14 12 12 12 12 12 12
B—Li 36 35 32 30 30 30 30 30 30 30 30 30
Li loss 250 170 120 110 110 110 110 110 110 110 110 110

a A zero implies only that the cross section is less than 1 mb and hence negligible for the calculation.

mentation process are shown in Table I. Most of the
cross sections listed are taken from experimental
measurements.®® Note that the low cross section at
low energies for very heavy (VH) nuclei reflects the
fact that most of the total reaction cross-section results
in the production of nuclides of only slightly lower
change; the probability of producing a nucleus with
3<LZ<20 for a nucleus with Z=26 is extremely small
in this region. Loss cross sections for heavy (H) nuclei
are similarly effected. Since oxygen represents the
heaviest single element considered, its loss cross section
is more nearly the measured total interaction cross
section as in the case for lighter elements. The cross
sections depend approximately upon A2/, The cross
sections for production of light nuclei shown in Table I
are now reasonably well known.5*

B. Diffusion, Source Distribution, and
Boundary Conditions

Previously, Fichtel and Reames! noted that because
of the smooth variation in the flux ratios from 1 to
6 g/cm?, the assumption that all cosmic rays have
traversed a given amount of material X, will give
essentially equivalent results to assuming a reasonable
path length distribution which has an average value of
X,. That this statement is basically correct is evident
also from the results of Balasubrahmanyan et al."'; how-

6 R. Bernas, M. Epherre, E. Gradsztajn, R. Klapisch, and F*
Yiou, Phys. Letters 15, 147 (1965).

7 G. Albouy, J. P. Cohen, M. Gusakow, N. Poffe, H. Sergolle, and
L. Valentin, Phys. Letters 2, 306 (1962).

8 H. W. Bertini, M. P. Guthrie, E. H. Pickell, and B. L. Bishop,
Oak Ridge National Laboratory Report No. ORNL-3884, 1966
(unpublished). .

9J. Audouze, M. Ephere, and H. Reeves, in High Energy
Nuclear Reactions in Astrophysics, edited by B. S. P. Shen (W. A.
Benjamin, Inc., New York, 1967).

0°F, Yiou, M. Baril, J. Dufaure de Citres, P. Fontes, E. Gradsz-
tajn, and R. Bernas, Phys. Rev. 166, 968 (1968).

1Y, K. Balasubrahmanyan, E. Boldt, and R. A. R. Palmeira,
Phys. Rev. 140, B1157 (1965).

ever, we now wish to consider at least some cases where
there is a substantial probability for very long and,
more importantly, very short path lengths. Therefore,
it is appropriate at this point to review the problem of
the diffusion of cosmic rays.

The flux F; of particles of energy between E, and
Ey+AE at the observing point 7o at ¢ given by the
expression

t
F,'(Eo,fo)=[ d31’3/ dr

Z Yj,'(E,,TS,T,E(),To,If)Sj(Eg,fs,T) )

iz

)

where the .S; are the actual sources intensities, and

IR T

ixi

is the propagation function for the ith species of energy
Eg at 7o and £ arising from energy E, at the source 7, at
time 7 before {. If the medium in which the particles are
diffusing is isotropic with a constant density §, or can at
least be approximated by an average density, the
quantity {—r is given by

t—r=1/cB=x/8, (3)

where / is the path length in conventional units and x is
the path length in density X length (e.g., g/cm?).
Further, if S; is independent of time, or at least on the
average over the time scales of interest, then Eq. (2)
becomes

F,' (Eo,ro) = dsf,f dl Z Yj.'(Es,Tg,Eo,i'o,l)Sj (Es,f,,) .
. Ve 0

= @

In Eq. (4), Yj: includes’both the effects of fragmentation
and energy loss, discussed in the previous section, and
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the diffusion function. These two effects are strictly
separable if the diffusion function is not a function of
the type of particle or its rigidity. In fact, it is still a fair
approximation to consider them as separable as long as
there is not an appreciable change in the diffusion
characteristics over the range of rigidities involved in
the transit of a given particle from the source to the
earth. Under the assumption mentioned, ¥;; is the
product of a diffusion propagation term D(l,Eo,r.,r0)
and a material propagation term M;:(E,,Eq,l).
Equation (4) then becomes

F,'(Eo,ro)=/ d3f3/ dl D(Z,Eo,rg,fo)
Vs 0

X Z Mii(EsiE()’l)Si(Es;rs) . (5)
i>i
The last term in Eq. (5) represents the result of propa-
gation through / g/cm? of material and is, therefore, the
solution of Eq. (1) described in Sec. IT A, i.e.,
Ji(Bol)= 2 M ji(Es,Eo)Si(Esrs).

iz

(6)

Equation (5) may now be written as

Fi(Eo,ro)=[w (f D(l,Eo,rg,fo)dsf,)ji(Eo,l)dl. (7)

D is determined in the manner to be described now, and
the integral over d is accomplished by a means of a
computer in steps of 0.02 g/cm?.

Equation (7), in effect, simply states that the energy
spectrum deduced for each type of particle for a given
path length / is multiplied by the relative probability of
occurrence of that path length, and then this product is
integrated over all possible values of the path length.

In order to obtain an explicit expression for D d’,
which is in effect a potential path length distribution for
cosmic rays, specific models for the origin of cosmic rays
must be considered. At one extreme is a single source
region, perhaps the galactic center, and at the other
perhaps is the concept of cosmic rays spread uniformly
throughout the entire galaxy or even the universe and
fed by sources spread throughout this whole region. An
intermediate picture,” which is often thought to be
closer to the real situation, is one in which the cosmic
rays observed in our galaxy are the result of many
supernovas which are randomly spaced in time about
100 years apart and probably concentrated towards the
central part of the galaxy and in the spiral arms. In the
first part of the work that follows we shall assume that
in the past, or at least that part in which a large part of
the cosmic rays observed are produced, the probability
of cosmic-ray production was independent of time,
because of the time scales involved. This assumption
implies that all of the situations which we are describing

2 M. F. Kaplon and G. Skadron, Rev. Geophys. 4, 177 (1966).
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are equilibrium ones, which is reasonable for the cosmic-
ray case. An alternative concept is that they were all
produced at one point in the past, presumably the
origin of the galaxy. The latter theory has the difficulty
that the density of matter is such that the composition
of the cosmic rays would probably be very different
from that observed due to the very long path length.

Another possibility is that a single relatively close
supernova produced a significant fraction of the cosmic
rays. This assumption will be explored in Sec. IV, and
the results must be reconciled with the considerable
evidence suggesting the constancy, to within a factor of
2 of cosmic rays over time periods which are long com-
pared to the time needed to traverse the average path
length.

A few mathematical models related to the problem
under consideration will now be examined and general
conclusions will then be drawn from the results of the
calculations. In looking at the problem of diffusion in
the galaxy, we are faced with the difficulty of having
little idea of an appropriate model. Therefore, we shall
examine several extreme cases to try to place constraints
on the type of processes which might be occurring.

The consideration will begin with the diffusion from a
point source into a uniform medium of finite extent.
This will be followed by the cases where the medium has
an infinite extent and where there is a distribution of
sources. The distribution of potential path lengths from
a point source to an observation point a distance » away
can be obtained readily from diffusion theory, and is
given by the expression

DAI N d f: (mrr) (—n21r2)\l) ; )
Al=— -3 nsin| — ] e A
28 1 nmt AT (¢

where d is the distance to the edge of the medium, X is
the mean free path between scatters, / is the path length,
and N is a normalizing constant which depends on the
intensity of the source. To obtain the expression in Eq.
(8), the flux at the boundary is actually assumed to be
zero. When this approximation is not made a much
more complex form is obtained; however, for the pur-
poses of this work, the expression above is quite ade-
quate. This formulation also assumes that the source
has been uniform in intensity throughout the past. The
calculation which follows immediately now can there-
fore be applied to the cosmic-ray case if the time be-
tween outbursts in a region to be considered is such that
vAt(=Al) is small compared to the average distance.
Taking the particular example of supernovas in our
galaxy Ai~100 years for the galaxy as a whole, or from
10 to 10 times this value for a smaller region. If v=c,
and there is 1 atom/cm®, Al=2X10"2 to 2X10~% g/cm?
compared to an estimated average path length for
cosmic rays of the order of 4 g/cm? The value of [

BE. N. Parker, Interplanetary Dynamical Processes (Inter~
science Publishers, Inc., New York, 1963).
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depends somewhat on the specific model, but this value
is quite adequate for the present discussion.

Notice first that as ! becomes sufficiently large, so
that 7#2\/3d2>1, Eq. (8) becomes

DAl N d (w) (—H)\l) ; )
—> ———sin{ — } exp Al.
>0 2% d 3ad?

Any distribution considered then in a bounded medium
for sufficiently large 7 will ultimately approach an
exponential character. For the cosmic-ray case, the
condition 72\}/3d2>>1 for most of the range of / values
of interest would imply the following: From the experi-
mental data on the light-to-medium ratio we have
already mentioned that [ is about 4 g/cm? or 2.5X 10%
cm under the assumption of 1 atom/cm?®. The radius of
the galaxy is about 4X10% cm, which is the largest
trapping region that seems reasonable to consider. Thus,
A must be much larger than 2X10% cm if Eq. (8) were
to be a reasonable approximation over most values of /.
Since this would imply A was only one or two orders of
magnitude smaller than the galaxy and of the order of
the thickness of the galactic plane, it seems unlikely that
m2\l/3dZ>1 holds for I values of interest.

Returning to Eq. (8), if &>>r and dZ>N, the sum can
be replaced by an integral. Upon completing the inte-
gral, the following equation is obtained:

3N —3r
(55)a
4N

Since this equation is increasingly close to being exact
as d— o, it is the expression for an infinite isotropic
medium.

The second condition (d23>N)) probably holds for the
galaxy for / values of interest and the first (>r) will
hold for sources which are not too distant. Notice also
that, with these assumptions, as 7 becomes large D
decreases very quickly as the square of 7 in the expo-
nential, except for values of J much greater than those of
interest. Except for a very unusual source distribution,
the case of large 7, where » — d, will not be of interest.

Consider now the case where Eq. (10) is valid, but
instead of one source there is a distribution of sources,
with a density given by p, where p includes both the
effect of varying source strength and source density.
Here, we are assuming that there is no source which has
been so close to the observer or so strong as to cause it
to stand out over the others. If this assumption is true,
the sources can adequately be represented by a distri-
bution function p. If p is normalized such that [ [ fedV
—1 then the distribution of path lengths will be given

DAl — e
d—>0 47‘.3/2)\3/213/2

(10)

382N Al
JDAldr,= / / f 81,3/2)\3/213/2
72
X xp( Py )r” sind dodgdr. (11)
A
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Letting
z=r/(§N)'2, (12)
yields
NAL > p= o=
SDAldr=— / f f p2% exp(—22) dz sinf dfde.
=2 )s o Jo
(13)

Let us now consider certain special cases for the func-
tion p, assuming for the present that X is not a function
of position.

Case (a). Suppose the sources are uniformly distri-
buted over all space with p=po. Then (12) becomes

NAlpo ®
SDd?r,Al= -—-3/747r / 2 exp(—2)dz,
™ 0

14
S Ddr,Al= (Npo)Al. (14

Notice that this result does not depend on / and that it
is one example wherein there are no spatial or energy
gradients of second order, so that when it is inserted in
Eq. (7) the result is identical to the approximate
equilibrium at a point solution discussed earlier.2*

Case (b). Suppose next that the sources are limited to
some finite volume, and, to obtain an explicit expres-
sion, assume that p=p, for <7, and p=0 for r>7,.
Then Eq. (12) becomes

a

NAlpo
fDd31'3Al=?2——41r/ 2 exp(—2?) dz, (15)

0
where

a=r/($N)2,
This last integral can be integrated by parts to obtain

20 1 a
SDdr Al=N, poAl( —— o — f e‘zzdz) .
N 0

™ ™

The function given in Eq. (15) is plotted in Fig. 1,
using the tables given by Jahnke and Emde to evaluate
the integral.

ll}l[lllllflll'llll]llll

1.0 -

a —-x2
x2e X dx

ol v v U v b e b e

o i 2 3 4 5

($r2702)
F16. 1. The function (4/4/7) f x%e~*2dx plotted
L
as a function of 1/a?, where 1/a= (4\/3r)l.

4 E. Jahnke and F. Emde, Funktionentafeln (Dover Publica-
tions, Inc., New York, 1945).
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There are now four specific distributions that have
been developed, and the implication of these results
will be examined since most other possibilities will lie in
between these cases. For example, if the distribution of
sources in the medium is not centered about the ob-
serving point, the potential path length distribution
will appear somewhat like a superposition of Egs. (10)
and (15). If the sources all lie appreciably away from
the observing point the potential path length distribu-
tion will appear similar to Eq. (10) only flatter and
broader.

Thus far, A has not been investigated in detail. In
principle X can be a function of both the position in
space and the rigidity of the particle. In fine structure,
\ will certainly vary strongly with position; whether or
not it does on a larger scale is not an easy question to
answer, except that it probably increases toward the
outer boundary of the galaxy. Equation (8) shows that
this effect would increase the tendency towards an
exponential distribution in / at a smaller / value. Also,
if it is assumed M is equal to No(7/70)%, Eq. (10) is

replaced by
N’ ( 37037’2'ﬂ ) ( )
exp| — . 16
(r/70)B (Nol) G821 2=8) (2—B)2\d

Further considerations of this type will not be pursued
because, as we shall see later, the resulting predictions
for cosmic-ray spectra and abundances are very insensi-
tive to changes in forms of this type.

A much more significant consideration is the possible
variation of N with rigidity. Clearly, it is unlikely that
all cosmic-ray particles will be affected the same way by
the magnetic irregularities in space. In general, a
distribution in scale sizes of the irregularities would be
expected, and, since the particles of lower rigidity would
then be expected to encounter more significant deflec-
tions, their mean free path would be longer. However,
as Parker® has pointed out in relation to solar particles,
it is also possible for low-rigidity particles to follow field
lines along a large kink which would affect a high-
rigidity particle. Since essentially nothing is known
about the dependence of mean free path on rigidity
except that once the rigidity is large enough the path
length will decrease with energy, a trial function will be
used with the aim of seeing what effect it has. Assume
that the mean free path was given by the expression
A=MX\o+A4R, which states that A approaches a constant
at low rigidities and then increases in proportion to the
rigidity at large values. The application of the mathe-
matical expression for M is restricted by the limitation
mentioned earlier in the section that D cannot depend
strongly on Ey, or it is not valid to separate it from the
material propagation term. [ See the discussion following
Eq. 4).]

Notice, however, that Eq. (14) for sources spread
uniformly throughout space does not depend on A\ and
hence cannot depend on rigidity.
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III. EQUILIBRIUM MODELS
A. Comparison with Experimental Results

In this section, the resulting relative abundances of
the cosmic-ray nuclei will be studied as a function of the
source spectral shape and the potential path length
distributions developed in Sec. II for cases of equili-
brium. This study will be supplemented by a discussion
of other equilibrium models suggested in the literature.

As in an earlier paper,! we shall choose three trial
source energy spectra ranging in steepness from a power
law in total energy to a power law in kinetic energy. The
specific expressions used are

4T /AW =C W25,
dJ/dR=CyR25,
dJ/dE=C E25,

where W is the total energy, R is the rigidity, and E is
the kinetic energy per nucleon.

For comparing the results here, the ratio of light (L)
to medium (M) nuclei, the ratio of helium to medium
nuclei, and the ratio of heavy to medium nuclei were
chosen to be displayed, because the first shows some of
the more significant effects since the light nuclei are
secondaries and because the latter two ratios are typical
of many of the others.

For comparison, the results for the case where the
potential path length was a 6 function, i.e., the common
fixed-path-length approximation, are shown first in
Figs. 2-4. Here the path length was adjusted to give a
high-energy L/M value consistent with the data. The
path-length distribution will in general be normalized
in this way whenever there is a free parameter. Note first
that the better cross-section data now available no
longer indicate that any increase in the light to medium
nuclei ratio should be seen at energies in the nighbor-
hood of 200-500 MeV. Therefore, if the increase seen by
some experimenters is real, it is not a fragmentation
effect. This effect does not depend on the model, as we

0.6 T T T T TUTTI T

o5l PATH LENGTH = 4.5 g/cm?2
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10 20 30 50 70 100 200 500
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F16. 2. The ratio of light to medium nuclei for a potential path
length of 4.5 g/cm? for the source spectra indicated in the figure. -
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F1c. 4. The ratio of heavy to medium nuclei and the ratio of very
heavy to medium nuclei for a potential path length of 4.5 g/cm?
for source spectra of the form j,=R7?%,

shall see. Note also that L/M is essentially independent
of energy and that He/M rises very rapidly at low
energies for steep spectra.

Turning now to the case of a point source expanding
into an infinite isotropic medium, Eq. (10) applies, and
the results of the calculation outlined in Sec. IIB lead
to Figs. 5-7. These graphs show that there is little
difference from the previous case as expected since Eq.
(10) states that there is not a heavy weighting of very
short nor very long path length.

The next case considered in Sec. IT B was the uniform
distribution of sources over an infinite medium, which
led to a potential path length independent of 7 given by
Eq. (12a). Here, unlike the other cases, there is no
adjustable parameter which can be used to normalize
the result to the high-energy L/M value. Hence, since
the calculated ratio of light to medium nuclei shown in
Fig. 8 disagrees with the observed one at high energies,
this case can be rejected at once, when X is a constant.

An important more general statement can now also
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be made. It was pointed out in Sec. II B that the same
approach to a solution, namely, simply integrating over
all path lengths with equal weight, also applied to any
equilibrium situation where there are not serious gradi-
ents in space or energy. Hence the experimental results
on the ratio of light to medium nuclei also exclude this
class of model. One important set in this class is any
universal model for the cosmic rays except those which
somehow would predict substantial spatial or energy
gradients.

Equation (15) referred to sources limited to a region
around the observing point. Figures 9 and 10 show that
the ratio of light to medium nuclei decreases markedly
at low energies, whereas the ratio of helium to medium
nuclei remains fairly constant. These characteristics
appear in cases where there is a reasonably high prob-
ability for short path lengths. The reason is that the
low-energy spectrum changes rapidly with distance
traversed, because the rate of energy loss is an increasing
function of decreasing energy. The result is that the
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steep initial spectrum is bent downward quickly; thus
if there is a relatively high probability for short path
lengths, the low-energy region reflects the source
characteristics quite strongly. Thus a relative low
abundance of light nuclei is seen, and the ratio of helium
to medium nuclei has not had a chance to increase much
as it will with additional passage through matter,
because of the greater rate of energy loss of heavier
nuclei.

Another case of possible interest is the one in which
all of the sources are at a distance which is greater than
some value. This possibility can be approximated by
assuming that sources are uniformly distributed beyond
some radius 7o from the observing point. The resulting
path-length distribution would then be obtained by
subtracting some multiple of Eq. (15) from Eq. (14).
Regardless of the assumptions about the value of A,
except that it is a constant, the L/M value will now be
even larger at high energies than for the case of uni-
formly distributed sources since the average path length
is even larger. Thus this model by itself is not in agree-
ment with the experimental result.

The results of the above show that none of the above
distributions gives a very satisfactory agreement with
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F16. 7. The ratio of heavy to medium nuclei and the ratio of very
heavy to medium nuclei for the case of a point source expand-
ing into an infinite isotropic medium for a spectrum of the form
Je=R725,
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experimental results on the light and medium nuclei
unless the increase at low energies due to the modulation
effect were much stronger than expected.

Consider next the case where \ is possibly a function
of rigidity. Figure 11 shows the result for a point source
expanding into an infinite isotropic medium with
A=a(1+bR), i.e., essentially a constant at low rigidity
and proportional to rigidity for large values. The
variation of the ratio of light to medium nuclei is in
reasonable agreement with experiments over the
measured range as are the other ratios, but it should be
remembered that this form would predict that the ratio
of light to medium nuclei would decrease at high
rigidities. In general, it seems possible that A should
ultimately increase with rigidity, and hence if the
cosmic-ray sources are in the galaxy, then the light-to-
medium ratio should decrease at very high energies.
However, the variation with energy could be much
smaller than that predicted by a A dependence as
extreme as the one chosen above to obtain agreement at
low energies. Further, such an extreme rigidity de-
pendence implies a very steep source spectrum, j,~R~-5
instead of j,~R~2% Using an approach where it is
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Fic. 11. The ratio of light to
medium nuclei for a point source
expanding into an infinite isotropic
medium with A=a(14bR) for a
source spectral of the form j,
=R"%5 Note that Fig. 5 shows
that the choice of source spectra is
not critical.
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assumed that the variation of the light to medium
nuclei with energy is in fact due to a variation of the
mean potential path length with rigidity, Apparao?®1¢
and Biswas et al.'7+'8 deduced a variation of path length
with rigidity which peaks around 200-500 MeV/
nucleon, similar to the result here. Kaplon and Skadron!?
suggested that this dependence of the path length on
energy/nucleon may be the result of a rigidity-depend-
ent mechanism at the source. It could also be due to a
rigidity-dependent path in space, as mentioned earlier.
It seems difficult to explain why the rigidity dependence
needed to obtain agreement with the experimentally
observed ratio of light to medium nuclei should exist.
Specifically, why should there be a strong rigidity
dependence between 0.3 and 1.5 BeV/nucleon and
apparently very little above, assuming that the ratio of
light to medium nuclei is approximately constant above
1.5 BeV/nucleon. If the ratio of light to medium nuclei
should continue to decrease markedly with increasing
energy/nucleon, then a very flat source spectrum is
implied, as mentioned before.

Another set of components of interest are deuterium
and He?. These elements are presumably nearly absent
in the source; thus whatever fluxes are seen are pre-
sumably secondary. Experimental data®* on these
nuclear species only exist in the low-energy (<300
MeV/nucleon) region. The interpretation of the He?
data is complicated by the fact that the He® charge-to-
mass ratio is appreciably different from that of the
parent nuclei, and hence He® is modulated differently

15 M. V. K. Apparao, Nuovo Cimento 32, 1158 (1964).

16 M. V. K. Apparao, Proc. Indian Acad. Sci. 62, 78 (1965).

17 S, Biswas, S. Ramadurai, and N. Sreenivasan, Phys. Rev.
149, 1037 (1966). . .

18 S, Biswas, S. Ramadurai, and N. Sreenivasan, Phys. Rev. 159,
1063 (1967). .

1 C, Y. Fan, G. Gloeckler, and J. A. Simpson, Phys. Rev.
Letters 17, 329 (1966). . .

% S, Biswas, P. J. LaVahare, S. Ramadurai, and N. Sreenivasan,
Proc. Indian Acad. Sci. 65, 104 (1967). . .

21 F, W. O’Dell, M. M. Shapiro, R. Silberberg, and B. Stiller, in
Proceedings of the Ninth International Conference on Cosmic Rays,
London, 1965 (The Institute of Physics and The Physical Society,
London, 1966), Vol. I, p. 412. . ]

22 C, Y. Fan, G. Glockler, K. C. Hsieh, and J. A. Simpson, Phys.
Rev. Letters 16, 813 (1967).

2 B, R. Dennis, G. D. Badhwar, C. L. Deney, and M. F.
Kaplon, Bull. Am. Phys. Soc. 12, 583 (1967).

from He! in the solar system in a way which is not yet
well determined. Ramaty and Ligenfelter® have con-
sidered the problem in detail, actually using the com-
bined data to estimate the solar modulation, and found
the data to be consistent with an average interstellar
path length of 421 g/cm?. Since their work is complete
in itself and agrees with that of most others!8:19.20.25 who
have considered this particular problem, the calculation
related to these secondary particles will not be repeated
here. Rather it will simply be pointed out that this
result is consistant with the results presented already
for the heavier nuclei in the low-energy region except
for spectra which are quite steep, and, as in the case of
the heavier nuclei, the result is generally not sensitive
to the particular diffusion model chosen.

A serious problem arises, however, in relation to the
one measurement made so far on the relative abundance
of fluorine. After the cosmic rays have passed through
3-5 g/cm? of material, the fluorine abundance should be
about 1 or 2%, of the abundance of oxygen or carbon due
to fragmentation of elements heavier than fluorine. The
appropriate cross section is not really known, but by
analogy to similar reactions such as F¥(p,pn)F18 a
reasonable estimate can be made. The principal cross
section is the one for the production of fluorine from
neon, which is about 40 mb at 100 MeV/nucleon and
decreases towards higher energies. Fan et al26 found
experimentally a fluorine-to-oxygen ratio of $1.4X10-3
for an energy interval around 10* MeV/nucleon.
Burbidge et al.*” have suggested a two-component model
to explain this result, one component of the cosmic rays
having gone through 0 g/cm? and the other through
20 g/cm?. These two components are then added in such
a way to give the correct light-to-medium ratio. Using
the procedure outline in Sec. IT A, the composition at
20 g/cm? was calculated and added to the composition
at 0 g/cm? in proportions which gave the light-to-

( MR). Ramaty and R. E. Lingenfelter, Can. J. Phys. 46, S627
1968).
% J. P. Meyer, D. E. Hagge, and F. B. McDonald, Can. J. Phys.
46, S503 (1968).
%6 C. Y. Fan, G. Gloeckler, and J. A. Simpson, Can. J. Phys.
46, S548 (1968).
( 2 % R. Burbidge, W. A. Fowler, and F. Hoyle, Nature 216, 22
1967).
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medium ratio observed experimentally at 100 MeV. For
an initial spectra wherein J~R71% a fluorine-to-oxygen
ratio of about 0.01 was obtained. Similar results were
obtained for J~W=1% and J~E~1-5, Further, a lithium-
to-boron ratio of about 5:3 is obtained compared to the
experimentally measured value of about 2:3. Finally,
if the two spectra are added to give the correct L/M
ratio at low energies, a result inconsistent with the data
is obtained at high energies because the 20 g/cm?
spectrum is much flatter and hence strongly dominates
at high energies. Thus, when examined in detail, this
model also seems not to lead to predictions consistent
with experimental results. ’

Various other assumptions including those already
discussed here will also not lead to a fluorine-to-oxygen
ratio which is nearly as low as the experimental result
of Fan et al.2® Whether the fragmentation occurred in
the source or in the interstellar medium is also irrelevant
unless it occurred during the acceleration phase. In this
case, it may be possible to explain the results, but much
more must be known about the acceleration process.
(See, e.g., Comstock et al.5) There are still two possible
ways in which the result could be consistent with the
fragmentation concept of the formation of light nuclei.
Firstly, the assumed cross sections could be wrong;
secondly, the experimental measurement of the upper
limit of fluorine could be wrong. Therefore, it would be
extremely desirable to measure the neon-to-fluorine
cross section as well as the production of fluorine by
heavier elements. Also, in view of the very unique
character of the fluorine abundance measurement,
confirmation by a second experiment would be desirable.

B. Apparent Failure of the Equilibrium Model

The failure to achieve agreement between the pre-
diction of the models described thus far in this work and
experimental results may possibly result from several
features. In the following paragraphs we shall examine
what to us appear to be the most obvious potential
difficulties with the present approach and hence possi-
bilities for the discrepancies. First, however, it is worth
reemphasizing that the alternatives are being considered
below because there no longer seems to be any way to
resolve the dilemma within the framework already
discussed.

(a) Propagation through material in interstellar
space or in the source may not be the dominant process
for producing light nuclei and/or they may be emitted
directly by the source. This possibility has been con-
sidered from time to time,® but, to our knowledge, no
formal treatment in the literature exists. There is no
means known to us of forming the nuclei such as Li, Be,
B, He?, and F during the acceleration process except by

28 G. M. Comstock, C. Y. Fan, and J. A. Simpson, in Proceedings

of the Ninth International Conference on Cosmic Rays, London, 1965

The Institute of Physics and The Physical Society, London,
1966), Vol. I, p. 383.
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fragmentation. Also, it is not yet clear how the rather
unique variation of the ratio of light to medium nuclei
with energy observed experimentally could be derived
theoretically.

(b) There may be further inadequacies in the cross-
section data. This possibility, although once of great
concern, no longer seems as significant, because of the
extensive new data on most of the significant cross
sections. There are still some important gaps in the
data, such as the production of fluorine.

(c) The source spectra for particles of the same
charge-to-mass ratio may not be the same. The theo-
retical reasons for believing similar source spectra exist
at the source were outlined previously.! The existing
experimental evidence for helium, medium, and heavy
nuclei is roughly in agreement with the assumption of
similar source spectra and an average interstellar path
of a few g/cm?. This last statement is certainly true of
carbon and oxygen, the principal parents of the light
nuclei. Finally, there is no known way, consistent with
the observed experimental data, for the spectra to differ
in a way which would significantly help in resolving the
dilemma of the ratio of light to medium nuclei.

(d) The observed features of the galaxy are con-
siderably more complicated than those of the models. A
reexamination of the models show that additional
complications are not likely to resolve the problem
unless they either (1) introduce a very unlikely rigidity
dependence for the mean path length for scattering or
(2) introduce a very unique rigidity-dependent trapping
at the source.

(e) The energy spectral measurements on the light
or medium nuclei and other species are wrong. Although
this may be a possibility because of the difficulty of
charge and energy measurements in the intermediate
energy range, for the purpose of this work we shall
assume that they are correct until subsequent work
indicates otherwise.

(f) Solar modulation. There is almost certainly a
rigidity dependence in the solar modulation, but its
magnitude and form are not yet certain. Since light
nuclei have a slightly higher rigidity for a given velocity,
the effect of the rigidity-dependent modulation is
generally to increase slightly the light-to-medium ratio.
Estimates of the degree of modulation by Ramaty and
Lingenfelter,* Gloeckler and Jokipii,? and by Durga-
prasad ef al.®® seem to indicate that the increase is at
most a 2-6%, effect around 300-500 MeV/nucleon,
which is not enough to affect the previous discussion
significantly, and would for the most part be hidden in
the experimental errors. Under extreme assumptions,
e.g., assuming the modulation function as of the form
exp(—C/BR) down to low energies, the modulation
effect could increase the light-to-medium ratio by

% G. Gloeckler and J. P. Jokippi, Astrophys. J. 148, L41 (1967).
% N. Durgaprasad, C. E. Fichtel, and D. E. Guss, J. Geophys.
Res. 72, 2765 (1967).
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5-159, at about 100 MeV/nucleon, but more likely the
rigidity dependence of the modulation decreases at low
energies making the effect quite small. If, in the extreme,
the modulation were that necessary to produce the
low-energy cosmic-ray spectrum resulting from the
supernovae theory proposed by Colgate and Johnson,®
a significant portion of the difference between the ob-
served and predicted ratio of light to medium nuclei
could be explained by a modulation mechanism which
was rigidity-dependent. However, the helium-to-med-
ium ratio at low energies would then be very large and
inconsistent with observations by large factors. Also,
the energy density of the cosmic rays in the galaxy
would then be very large.

(g) The cosmic rays come from more than one source
type. Assuming more than one source type in an equili-
brium model does not resolve the difficulties unless one
introduces a unique composition effect at the source.
The case of a nonequilibrium model will be considered
in Sec. IV.

1V. NONEQUILIBRIUM MODELS

In exploring this possibility, it must be remembered
that there is some evidence from meteorites that the
cosmic rays have been constant on the average within a
factor of a few for a million years or more. The proposed
sources must also produce the observed energy spec-
trum. The simplest, and in many respects the most
likely, model of this type is one in which the particles
from a single recent relatively close source are super-
imposed on the fluxes from all the other sources, whose
effects can be represented reasonably well by the models
discussed earlier. This possibility will be treated further
in the next several paragraphs.

The potential path-length distribution for particles
observed from a single source will be very different from
the ones already discussed. Assuming the particles are
released within a short period, at least short compared
to the time since their release, the path length of any
observed particle will just be the velocity X time; hence
each energy interval will have a unique potential path
length which will be proportional to the particle’s
velocity. The relative intensity will be determined from
an assumed diffusion picture, the work in Secs. IT A and
II B, and the path length determined by the velocity,
time, and interstellar density.

In allowing this new degree of freedom, we shall
return to what appears to us to be the most reasonable
or at least the simplest model for the remainder of the
cosmic rays, namely, a uniform distribution of sources
in space and time diffusing into an infinite isotropic
medium. This model has at least two other advantages.
First, the results are independent of the diffusion
coefficient. Second, it applies both to the cosmic-ray
model in which the cosmic rays pervade the whole

31§, A. Colgate and J. H. Johnson, Phys. Rev. Letters 5, 235
(1960).
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universe in equal intensity and the one in which the
diffusion in the galaxy is slow, as present models would
suggest, and there is a sufficient number of galactic
sources spread fairly randomly—at least in the plane.
The results of the earlier work showed that there was
reasonable agreement with the experimental data at
low energies, but not at high energies.

If a relatively new close source has occurred, the high-
energy particles will be reaching us more efficiently than
the lower-energy ones even if the mean free path for
scattering is independent of energy, simply because the
diffusion coefficient is proportional to 8. In order to
make the discussion quantitative, isotropic diffusion
will be assumed and it will be assumed specifically that
the diffusion picture described by Eq. (10) is valid.
Equation (10) gives the relative probabilities of various
path lengths as a function of / and hence for 8 in this
case by using Eq. (3) since {—r is now a constant. The
intensity of the various components for a given source
spectral shape can then be obtained. There are effec-
tively two adjustable parameters in Eq. (10), the
constant multiplying 873/2 at the front and the constant
multiplying 87! in the exponential, since the other
constants multiplying 8 to give ! can be absorbed in
these two. The first of the constants was adjusted to
give the observed ratio of light to medium nuclei at high
energies when this single source is added to the general
background. At high energies this single source would
represent about 409, of the total cosmic-ray flux. The
second constant was adjusted to give the best fit to the
data for light to medium nuclei. The choice of this
second constant implies that the cosmic-ray intensity
will increase substantially in the future, reaching a
maximum of up to 10 times the present value at high
energies. Without knowing 72/, it is not possible to give
a precise time scale, but 105-10% years is probably
reasonable.
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F1c. 12. The ratio of light to medium nuclei for the case of a
relatively recent local source superimposed on the flux of isotropic
sources in an isotropic medium described in the text in Sec. III for
the source spectral shapes given in the figure. References for data
points are given in Reames and Fichtel (Refs. 2 and 32).
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F16. 13. The ratio of helium to medium nuclei for the case of a
relatively recent local source superimposed on the flux to isotropic
sources in an isotropic medium described in Sec. IIT for the source
spectral shapes given in the figure. References for data are given
in Fichtel and Reames (Ref. 1).
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Fi16. 14. The ratios of heavy and very heavy to medium nuclei
for the case of a relatively recent local source superimposed on the
flux of isotropic sources in an isotropic medium described in Sec.
III for the source spectral shapes given in the figure. References
for data points are given in Fichtel and Reames (Ref. 1) except
I()oinftssisr;dicated by squares, which are from Webber and Ormes

Ref. 33).

The results of the addition of this source calculated
in the manner just described superimposed on a flux of
isotropic sources in an isotropic medium is shown in
Figs. 12-14.2:3 A reasonable agreement with experi-
mental data is possible with a source spectrum whose
steepness lies between j,~W—2% and j,~R2%5 In
particular it is seen in Fig. 12 that it is possible to
produce an increase in the ratio of light to medium
nuclei in the energy range where an increase is observed
experimentally and also have agreement with the
experimental data at low energies. Figures 13 and 14
show that it is also possible to obtain agreement with
the observed ratios of other heavy elements within the

32 D. V. Reames and C. E. Fichtel, Phys. Rev. 162, 1291 (1967).
(18936‘%. R. Webber and J. F. Ormes, J. Geophys. Res. 72, 5957
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rather large uncertainties of the present experimental
data.

V. SUMMARY

A comparison of the experimental data to the predic-
tions of a large number of equilibrium models for the
cosmic-ray propagation has shown that none of the
models for which the mean free path was independent
of rigidity yields results which are in agreement with the
experimental data, especially the ratio of light to med-
ium nuclei. Further, the models selected were suffi-
ciently varied and covered enough extremes so that
other likely models which come to mind would give
results intermediate between those predicted by some
of the cases considered here, and therefore would be in
disagreement with the experimental data also. As has
been mentioned before, agreement with the ratio of
light to medium nuclei can be obtained by choosing an
appropriate dependence of the potential path length
on energy. However, this dependence appears to be
difficult to justify.

One particular experimental result, namely, the
fluorine-to-oxygen ratio at low energies, about 100
MeV/nucleon, seems to be in basic disagreement with
the fragmentation concept, and, therefore this cosmic-
ray abundance ratio and the relevant cross sections
deserve serious attention.

Several possible explanations for the difference be-
tween theoretical predictions for the relative abund-
ances of charges and the observations were considered
with a particular emphasis on the light, medium,
heavy, and very heavy nuclei as groups, since consider-
able data exist for these species. It was seen that such
considerations as the light nuclei being produced in a
way other than fragmentation, inadequate cross-section
data, different source spectra, a very complex galactic
picture, poor experimental measurements, and solar
modulation either did not seem to be likely explanations
for the deviations on the basis of directly applicable
data, or were very unlikely to provide an acceptable
solution within the framework of our present under-
standing of other phenomena.

One possible explanation which removes the difficul-
ties associated with the ratio of light to medium nuclei,
and still gives reasonable agreement with the medium,
heavy, and very heavy relative abundances is a non-
equilibrium model, where there has been one recent
relatively close source that is making a significant
contribution to the locally observed cosmic radiation.
If this concept is correct, the compostition of the high-
energy cosmic rays when examined in detail will reflect
the fact that about half of the high-energy cosmic rays
have gone through a relatively small amount of mate-
rial. Further, it is possible that the energy spectrum of
the “recent, close” source is slightly different than the
average resulting in a variation in the composition at
large cosmic-ray energies. It would be very valuable,
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therefore, to have detailed composition measurements
of the cosmic radiation at high energies, as well as
low energies, to compare with the various possible
predictions.
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Laser ranging to an optical corner reflector on the lunar surface may make possible a test of non-Newtonian
gravitational theories. The results of a theoretical calculation of the Brans-Dicke corrections to the laser-
pulse transit time are compared with results previously obtained for the Einstein theory. A further analysis
of the measurable non-Newtonian correction term which dominates the predictions of both theories indi-
cates that the term probably is common to all Lorentz-covariant gravitational theories.

I. INTRODUCTION

HE technique of laser ranging—an accurate way
of determining distances—may shortly be used
to measure the earth-moon separation. It has been pro-
posed that a laser pulse sent from the earth be reflected
by an optical corner reflector situated on the lunar
surface.! With present techniques, such laser ranging is
capable of determining a transit time to an accuracy of
somewhat better than a nanosecond, or about 2 parts
in 10%, This would correspond to a precision of some 10
cm in distance if the speed of light were well enough
known. The anticipated improvement in experimental
results provides strong motivation for obtaining a theo-
retical expression of like accuracy. Not only should
previous calculations be carried to a higher order of ap-
proximation, but new effects may need to be included
as well. Among such effects, not previously detectable
but perhaps newly visible, are those arising from a dif-
ference between Newtonian and other gravitational
theories. If these are indeed observable, then this ex-
periment can provide another welcome means of testing
gravitational theories.

An exploratory calculation® was made by one of us in
which contributions to the pulse transit time by
Einstein’s general theory of relativity were evaluated.
These contributions arise in the lunar motion and in the
propagation of the light itself. The latter, however, are
small enough to be masked by uncertainties in the value
of the speed of light. Observable corrections from the
Einstein theory come, rather, from the lunar motion.

The present work investigates the predictions of an
alternative description of gravitation—the scalar-

* National Science Foundation Trainee, 1967-68.

1C. O. Alley, P. L. Bender, R. H. Dicke, J. E. Faller, P. A.
Franken, H. H. Plotkin, and D. T. Wilkinson, J. Geophys. Res.
70, 2267 (1965).
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tensor theory of Brans and Dicke’—uis ¢ vis the laser-
ranging experiment. A calculation for this theory
follows very closely that used for the Einstein theory,
and details of the approach are contained in Ref. 2. It
is primarily the results of such a calculation that are of
interest here; they are presented in Sec. IT and the
Appendix. In addition, a further analysis is made in
Sec. IIT of the dominant non-Newtonian term in the
transit-time expression. The origin of that term, a term
appearing in both Einstein and Brans-Dicke theories,
should be more precisely known if it is to provide a real
test of these two gravitational theories.

The discussion ends in Sec. IV with a few words
about other possible ways inherent in the laser-ranging
project of testing the Einstein and Brans-Dicke theories.

II. PULSE TRANSIT TIME

Because the lunar ranging data will take the form of
time measurements—each about 2.5 sec in length—we
turn to the task of expressing this time interval
analytically.

The first part of the calculation requires only a very
approximate form of a metric tensor describing the
local space-time geometry. This would normally be de-
rived from the field equations of the scalar-tensor
theory. Since, however, tensor components are only
needed to an order of 1/¢2 an order dictated by the size
of the results, weak-field metrics that have already
appeared in the literature may be adapted to this
problem.

Once such a metric is acquired, the effects of the
theory on the propagation of light itself are close at
hand. To get an expression for the proper time that will
be observed by the earth-bound observer, one need only
integrate the proper time differential over his world line

3 C. H. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961).



