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times are of the order of magnitude of the times
for material to fall into the star, so a more de-
tailed model is necessary to assess the effect of
nuclear burning. Free-fall times are so short as
to allow very little nuclear burning to occur. It
is likely therefore that the limit on the accretion
rates from nuclear burning are much weaker
than the one estimated above, and that much larg-
er accretion rates are indeed allowed.

We can then summarize our results as follows:

(1) Neutrino emission could allow accretion
rates in neutron stars much larger than the criti-
cal value obtained from a straightforward appli-
cation of the Eddington limit [(dM/d?) ,..>> (107" =
10 ®)Mg /yr for a neutron star of 1 solar mass].

(2) Following Davis and Evans,® we assume a
minimum detectable flux in the range 1-5 MeV
of 2X10°-1.5X%107 neutrinos /ecm? sec!. If we also
assume that all the known binary x-ray sources
are at a distance from Earth larger than 10°
parsec, we can then conclude that their neutrino
fluxes appear to be too small for a direct detec-
tion.

(3) Some of the x-ray sources have large varia-
tions in the intensity of their x-ray flux* and dis-
continuities are observed in their accretion rate.
It is conceivable that the emission of neutrinos
be larger at the time of maximum x-ray activity
and accretion rate. A correlation between these
events would be extremely important for the

identification of the source.

(4) Quite apart from the steady accretion pro-
cesses, a sharp increase of activity both in x-
ray and radio waves has been noticed in some x-
ray sources (Cygnus X-3). During these periods
the neutrino emission could be higher than the
one estimated here.

After this work was submitted for publication,
Ya. B. Zel’dovich kindly informed one of us
(R.R.) of similar results obtained by him and co-
workers also pointing out the possible basic in-
fluence of neutrino production on the accretion
processes in binary x-ray sources. The main
issue, still to be answered, has to do with the
analysis of the instabilities originated from nu-
clear burning.

*On leave of absence from Princeton University.
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3See, e.g., H. Y. Chiu, Stellar Physics (Blaisdell,
Waltham, Mass., 1968), Vol. 1.

‘See, e.g., H. Gursky, in Black Holes, Les Houches
Lectures, 1972, edited by C. DeWitt and B. DeWitt
(Gordon and Breach, New York, 1973).

SR. Davis, Jr., and J. C, Evans, in Proceedings of the
Thirteenth International Conference on Cosmic Rays,
Denver, Colorado, 17—30 August 1973 (to be published).

Cosmic-Ray Generation by Pulsars®

C. F. Kennel, G. Schmidt, f and T. Wilcox
University of California, Los Angeles, California 90024
(Received 29 March 1973)

Electromagnetic and particle energy fluxes are equipartitioned in a superrelativistic
plasma wave. The consequences for cosmic-ray acceleration by pulsars are investigated.

Pulsar electromagnetic fields may be a cosmic-
ray source.! Large-amplitude plasma waves dif-
fer significantly from the vacuum wave used in
Ref. 1 to estimate particle acceleration. We in-
vestigate a plasma wave of such large amplitude
that both electrons and ions are superrelativistic,
which transports both species parallel to the
propagation direction with the same average ve-
locity V=c?/v,, where v, is the phase velocity.
This, plus equality of electron and ion perpen-
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dicular currents, permits small parallel electric
fields and a simple dispersion relation which de-
fines a largest particle flux that can be carried
by the wave. Below this cutoff, the electromag-
netic and particle energy fluxes are equal.
Consider a linearly polarized plane wave with
all quantities functions of n=Q({-2z/6¢).  must
be determined from the dispersion relation. Max-
well’s equations, the equations of motion for
each particle species, and the equations of con-
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tinuity become

ExE’=8B", (1a)
EXB'=-BE’—(4mefc/N(n,u,-n,u,), (1b)
E-B=0, (1c)
BeB'=—(4meBc/N(n,; -n,), (1d)
(B =1, k)P, =x(ep/DE+T,,xB), (le)
n, (b =4, k) =n; 4, "k, (1)

where the prime denotes d/dn. Coupled nonlin-
ear particle equations follow from eliminating
E and B assuming no static fields:

a . 47e? 2 - -
d_')f"le,eiQZm- Bf_l[niui’——neufko, (2a)
(@?/an® [Bp, ie—(1 +Pi,ez)llzi¢)=0, (2b)

where p i, 18 the ion (electron) momentum in
units of mc, u=v/c=p(1+p*'? n,, is the rest-
frame ion (electron) density, and ¥, the dimen-
sionless electrostatic potential, satisfies

V2 = (4me® /m, *Nn; —n,). (2¢)
Integrating (1f) once,
ni.e:ni,eo(ﬁ —I/B)/(ﬁ —ui,eu)7 (Zd)

where #; ° is chosen near the rest-frame ion
(electron) density in the wave. ny=n"=nSis a
necessary condition that the charge density and
parallel current vanish, averaged over a period
in . We further assume (1) n; ~n,—charge
separations and E |, are small [E, «<E, and ¥(n)
=0]; (2) ion and electron perpendicular currents
are almost equal. Equations (1a) and (1b) then
become

dzp_L 2(.0;.2 ﬁpJ_ _
dn® T B(L+p*Y 2 —py ~

By, —(1 +P2)1/2:7{ﬁun —1)=conSt=C, (3b)

0, (3a)

where w,=(4me’n,/m,)'">. We define y;,;=1p .
=0) and assume that 1 «<y;,;<y,, where 3, de-
notes an average y in the wave field. It follows
from (3b) that

(Bun=1)w _vinj
(Buy=Din; vy

«<1. (4

Since for pulsars (4) is satisfied over most of the
period 7, and, as we will see, 8 >1 while u;,;
~1, u, B!, Thus all charged particles have
the same u, =~ "!. This partially justifies our
charge neutrality assumption. Also, since u=1,
u,*~+(1 =822 and current equality is satis-

b

fied. Since p >>1 for most of 1, Eq. (3a) becomes
independent of rest mass (for the real momentum
mcp ). The wave equation for E may now be in-

tegrated:

Bﬁ_ 8renc B* .

-a?— Q BZ_IUJ_
8men z \1z
= - S c(ﬁzﬁ_ 1> €, Sgnp.l_; (5)

where 0, e, (1 -8 "?)2sgnp , has been used.
This solution is sketched by Max and Perkins.?
Since 18E, /8n|~2E ,./7, Eq. (5) yields the dis-
persion relation

vEQ/mPw = g%/(B% - 1), (6)
where v=eE . /mcQ>>1. Equation (6) written
in terms of the particle flux w?=w,?/B is

BZ=FA2[1x(1 = 4)'2]; x=nw?/vQ2. )

There is a maximum particle flux E ,, 2/87%
above which no electromagnetic wave can propa-
gate. From Eq. (3a) one finds p , ,,,= +7; hence
P max= $v[B2/(B% = 1)]/2, while from Eq. (5)

E pax=(4T%enc /Q)[B% /(B2 = 1)]' 72, (8)
The particle energy flux is

2npImc® & mp paymc®  PmPciy?
CTTT T T3 T 5 T 12me%
where Eq. (6) has been used. The electromag-
netic Poynting vector is

9

Qo= (c/41BYE?)=(c/120B)E 152 = @,=@. (10)

Hence in this approximation the electromagnetic
and particle energy fluxes are equipartitioned.

We attempt now to justify neglect of charge
separation, by estimating a pessimistic upper
bound. Consider the integrated form of (1f),
which may be written using (2b) as

N,
W e e T e e Y P T
n No (10b)

T o(BE 1) (m, /m )Y K ()]

where K*=1;,;"(u;,;"¢-1). ¥(n) has period 7,
and ¢(0)=¥(n) can be chosen to vanish. By sym-
metry, E, vanishes at n=0,7 [(d¢ /dn),, ,=0].
Any residual E ; within 0 < n< = therefore arises
from charges near the nodes. There are charge-
boundary layers within the intervals 0 <n<A7n
and 7 — An<n<a, and compensating charges in
An<mn<w - An and the maximum possible charge
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density can be estimated from (10). The maxi-
mum ion density at the nodes corresponds to
relativistic injection, or u;,;*=1, and n(n =0)
=N,(B+1)/B. If n, is taken everywhere uniform,
o pax=No/B . An can be defined, using (10b), as
the point where the charge increment falls to
some fraction of its injection value, say

1
Aan)
1 1 K* 1 1

1 +
E—g_—l[¢(An)+K ]

It is readily shown (a posferiori) using Poisson’s
equation that 19(7)I<«< K| in this region, and A7
can therefore be determined from the equation
HAn) =2y,;,;. Near 7=0,

1 v?
ﬂnzow%yinj[l+§z;—€fﬁﬂ2+0(”q’]?
inj

therefore,

an=[2(8 - 1)/[3]”27’111,'/1’-

If we assume a constant maximum charge density
N,/B near the nodes, and the compensating den-
sity (2Aan/7B)N, elsewhere, then ¥(n) is speci-
fied by matching ¢(An) and dy(an)/dn at the
boundaries. The net result is

2 2
zp(n»zwo——f‘;—mn( -g),

where ¢,=(1/4)Bw 2/9Q*. In the central region
An <n<m - A7,

N Bz 1/2 ~< 2 >1/21 _l_/< E)z
y-<52_1> o]~ Bz -1 [4”'1; =3 }

¥(n) ﬁ< B2 >1/2w_62_ 2_1[2(6_'_1)}1/2?&,L
AN \p*-1) &Lv a8 [ v’

In other words the scale An of the nodes, where
particle energies are near their injection values,
determines the magnitude of charge separation
effects. Similarly, the equality of ion and elec-
tron current magnitudes fails only within An
near the nodes. Since v =~10'" for pulsars, our
approximations seem justified.

For pulsars, we assume that scaling plane-
wave solutions to spherical geometry yields rea-
sonable dimensional estimates. Since the aver-
age total energy of a particle in an electromag-
netic wave with an intensity gradient is an adia-
batic invariant,* particles ejected by a compli-
cated wave source will probably convert their
total energy into direct motion. Because the
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superrelativistic approximation used above 7e -
quives a net transport by the wave, the wave so-
lutions are naturally expressed in parameters
pertinent to pulsar physics, the total energy-loss
rate L, which may be estimated from the ob-
served rates of increase of pulsar periods, and
the total particle injection number flux J, which
is determined by conditions at the pulsar surface
and is essentially unknown. Physically, we ex-
pect particles to be injected into a complex near
wave zone beyond the light cylinder at »=c¢/8,
whose structure is difficult to understand, but
that a few light-cylinder radii away, the wave
will settle into a self-consistent form. There-
after, the wave luminosity L=47R*(c/Q) (¢,

+ @) and injection flux J=47R*c/Q)?j parame-
trize the wave. R is the radial distance in units
of ¢/%.

Our basic results are simple. If the plasma
density in the wave is too large, the wave will
not propagate. The critical density for cutoff
near the light cylinder is roughly that given by
Goldreich and Julian® for the onset of hydromag-
netic behavior. More explicitly, there is maxi-
mum J,, for a given L, which can be transported
by the wave,

5
Jz<%@9€f§— =J 2. (11)
For J>dJ_, a hydromagnetic solution must be
found; for J<J, a wave solution can apply. De-
pending upon injection conditions, two distinct
wave modes are possible, corresponding to the
two branches of the dispersion curve, where
(2¢)1/2: A[l £(1 - 47\2)1/2]1/2,
@=21%e%cd 2/QPR*L.
For the upper sign, B scales asymptotically with
K; the wave energy and particle densities also
increase with radial distance, and the transport
velocities approach zero. On the lower branch,
the wave approaches a vacuum state (8 ~1) as
R—., Here, equipartition of particle and energy
fluxes implies the maximum particle energy
€ max=P max?c® attained in the wave is independent
of R. Since p = Un/4)[B2/(2-1)]*"? and E .,
= (8‘”28716‘/(2)[32/(62 - 1)]1/2, D max= (1/32mE rnax2
nmc®. The number density in the wave # is re-
lated to the total particle injection flux density,
j=2n,c, by n=3B /2c whereupon

1 C-Ema\x2 =§ Ppt Pem
8mmc® jmc® 4 jmc?

p max™ ’

€ max= g'L/J: 4.1 XIOHL/J ev.
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For the Crab pulsar (L =10% erg/sec, £ =200 rad/

sec), J,~1.7x10% particles/sec and €,, ~2.8
x10'%(J,/J) eV. Thus, for a given L, a larger
flux of lower energy or smaller flux of higher-
energy cosmic rays may be obtained, depending
on J. In either case, 50% of the pulsar wave
luminosity is converted into cosmic rays of ener-
gy less than €, . Within the superrelativistic
approximation, these conclusions may be valid
for the relativistic injection of neutral plasma of
any composition.

Care must be exercised in drawing far-reach-
ing quantitative conclusions from our plane-wave
model. Dependences on the azimuthal and polar
angles in spherical geometry have been ignored.
Furthermore, for a plane wave to be a good ap-
proximation, the radial excursion D of a particle
during a half-period n=u, D=(nc/Q)B/(B%-1),
should be smaller than the radial scale length.
This is only marginally satisfied at the injection
radius and even less well at larger radii. Clear-
ly, investigation of the spherical wave is called
for.
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From measurements of proton-proton elastic scattering at very small momentum trans-
fers where the nuclear and Coulomb amplitudes interfere, we have deduced values of p,
the ratio of the real to the imaginary forward nuclear amplitude, for energies from 50 to
400 GeV. We find that p increases from —0.157+0.012 at 51.5 GeV to +0.039+0.012 at

393 GeV, crossing zero at 280+ 60 GeV.

We have determined the ratio p(E) of the real
to the imaginary part of the forward proton-pro-
ton elastic nuclear scattering amplitude for inci-
dent energies from 50 to 400 GeV. The measure-
ments were performed at the National Accelera-
tor Laboratory by observing wide-angle recoil
protons from an internal hydrogen gas-jet target.
Elastic scattering was studied in the range from
|£1=0.001 (GeV/c)?, which is well inside the Cou-
lomb region, to |¢|=0.04 (GeV/c)?, where the
nuclear interaction dominates. The ratio p was
determined from the strength of the interference
between the nuclear and Coulomb amplitudes in
the ¢ region where they are comparable, |f|

~0.002 (GeV/c).

Previously, p was measured at energies up to
70 GeV at Serpukhov in an experiment similar to
the one reported here.! Recently, the CERN-
Rome collaboration at the CERN intersecting
storage rings (ISR) reported® p to be + 0.02+0.05
at 290 GeV and +0.03+0.06 at 500 GeV (lab equiv-
alent energy). We find that p increases from
~0.157+0.012 at 51.5 GeV to + 0.039+0.012 at
393 GeV, crossing zero at 280+ 60 GeV.

Our experimental method makes use of the fact
that the kinetic energy T of the recoil proton
from elastic p-p scattering is directly related to
the momentum transfer through |¢| =2mT, where
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