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lar primary flux is a factor of -100 smaller. If
the deduced primary spectrum is in fact the
source spectrum, then the acceleration mecha-
nism for these particles is different from the so-
lar acceleration process, which produces steep
power-law spectra at these energies.
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RADIO EMISSION FROM MAGNETIC NEUTRON STARS. A POSSIBLE MODEL FOR PULSARS
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We show that radio emission from a neutron star with a magnetic field of 109 G or
more can account for the radio emission of pulsars. It is suggested that pulsars also
emit two bands, one in the uv or optical, and the other in the infrared in the decamicron
wavelength range.

Two types of objects have been considered in
theories of pulsars, namely, white dwarfs and
neutron stars. However, several arguments now
seem to exclude the former hypothesis in favor
of the nuetron stars: (1) the lack of optical ra-
diation corresponding to white dwarfs'; (2) the
existence of pulsar NP 0532 in the Crab Nebula
supernova remnant' and the likely association of
another pulsar with the Vela X remnant'; (3) the
discovery of class-II pulsation with periods -10
msec in two pulsars4; (4) the systematic increase

in the NP 0532 periods' which has been inter-
preted in terms of loss of rotational energy of a
neutron star'~'; (5) the existence of submillisec-
ond variations in pulse intensity, which implies
dimensions of ~30 km'; (6) the fact that no white
dwarf can rotate or vibrate with the 0.03-sec
period of NP 0532'; and (7) the detection of opti-
cal pulses from pulsars with a pulse shape es-
sentially that of the radio. "

Properties of neutron stars without magnetic
fields have been extensively investigated. "~"
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As discussed in a previous paper" and also by
many others, a neutron star may possess a very
intense magnetic field, 10 0 or more. In this
Letter we present results of an investigation of
the radiation from a neutron star possessing
such. a field. We find that magnetic neutron stars
are capable of emitting radio energy with a rate
and spectrum comparable with those of pulsars.
If our theory is correct, pulsars should also be
emitting two or more lines in the ultraviolet and
infrared wavelengths. These lines are charac-
teristic of magnetic transitions.

When the Larmor radius of an electron ap-
proaches its deBroglie wavelength, the energy of
the electron in the plane perpendicular to the
field H (the latter is taken to be in the z direc-
tion) is quantized and the classical theory of
magnetohydrodynamics breaks down. The non-
relativistic expression for the quantized electron
energy is"

s JI
+-,' (2N+1+e)+2—o. —,(1)

4~ 0

where )I)z is the z momentum of the electron (the
motion of the electron along the field lines is un-
affected by this quantization), n = e'/hc, H
=m'c'/eh = 4.414 &&10" G, and the other symbols
have their usual meanings. N is the principal
quantum number characterizing the size of the
electron orbit and N= 0, 1, 2, ~ ~ ~, ~; s = +1 char-
acterizes the direction of the spin along the field
(parallel case: s =+1). Let H, =H/10' G; then
the energy differences between different magnet-
ic states with the same z momentum are multi-
ples of 11.6' eV, and the fine-structure split-
ting between two states (N+ 1, s = -1) and (N, s
=+1) amounts to 0.0135H~ eV. This fine-struc-
ture splitting is caused by the anomalous magnet-
ic moment of the electron. "y"

In a magnetic field an electron therefore moves
in quantized orbits in the plane perpendicular to

the field but is free to move in the direction of
the field. This means that a "free" electron has
only one degree of freedom along the field. The
electrons behave like one-dimensional particles,
and as a consequence also radiate differently.

The surface density of a neutron star is about
1 g/cm'. The electrons are not degenerate. The
ratio of electron population in the second magnet-
ic state to that in the ground state is exp(-Hme'/
H&kT) = exp(-1.337H9/T5), where T, = T/10"K."
We see that at &,=1, T5=1, most electrons are
in the ground state. As we shall see later, this
temperature, though considerably lower than an
earlier estimate for a neutron star without a
magnetic field, '""is more than adequate to ex-
plain the enormous radio energy radiated by a
pulsar.

There are two fundamental electromagnetic
emission processes in intense magnetic fields:

(1) Electrons can make transitions from one
state (N, s) to another state (N', s') for NxN'.
Such a transition corresponds to classical syn-
chrotron radiation. It gives rise to photons of
energies at multiples of 11.6&, eV. This will be
referred to as a magnetic transition. If N=N'+1,
and s = -1 and s' =+1, then this transition (re-
ferred to as a fine magnetic transition) yields a
photon of energy 0.0135H, eV. No continuum
emission is possible because of the orbital quan-
tization.

(2) A transition can take place between states
of the same quantum number. This type of tran-
sition does give rise to a continuum emission.
Energy and momentum of the electron, however,
are not conserved simultaneously, unless another
particle (e.g. , a nucleus) is involved. This gives
rise to a new kind of bremsstrahlung process,

The difference between this and ordinary brems-
strahlung process is that in this case, the elec-
tron is a one-dimensional particle bound in a
magnetic field. We have computed the radiation
rate for the continuum process with N=O, s = -1."
The radiation rate (in erg/sec cm' sr per unit
photon energy range) is:

l(Z, E,S)=,N. S'
( ) ( )Z's'( —), (ms') "sis'9

q y

g5/2
=0.98 x10 "Z'N. N —,sin'I9,

i e H Fr
(3)
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where 8 is the angle between the emitted photon

and the field, E is the energy of the electron,
and E& is the energy of the photon emitted. N

and N; are electron and nucleon (of charge Z)
densities, respectively. It should be noted that

Eq. (3) does not reduce to the formula for ordi-
nary bremsstrahlung in the limit 0-0, as might

be expected. This follows because in an ordinary
bremsstrahlung process only the perturbed part
of the plane-wave function of the electron contri-
butes to emission (as is well known, a plane-
wave electron cannot emit nor absorb a photon). "
In the case of intense magnetic fields, the elec-
tron wave functions are bound-state wave func-
tions in a magnetic field and not plane waves.

Approximating the electron energy F. by its
average value —,'kT (-,kT because it is a one-di-
mensional particle), Eq. (3) becomes

I(E, F. , 8) =3x10 "N N H Z T "'v ' sin'8

lung process. Coherent radiation may result in
both cases. The density scale height at the sur-
face of a neutron star is only 1 cm, hence an
oscillation involving matter up to a depth of a
few centimeters with an amplitude of also a few
centimeters will pump a sizable fraction of the
electrons into the upper states. It is shown"
that the absorption coefficient vanishes (for the
radio case) along the field. If the optical thick-
ness is taken as a few centimeters, then the
emitted radio flux is -10" erg/cm' sec for P,
-1, T, -1. This can account for the large emis-
sion rate of pulsars if the radiating area is -10%
of the 10"-cm' surface area of the neutron star.

One major theoretical problem remains to be
answered: How can this radio emission escape
the dense atmosphere of the neutron star? It is
well known that the dielectric constant e of an
electron gas is given by the equation

erg/cm' sec 6Hz, (4)
e=1-(v /v)'. (5)

where v =10'p, is the frequency. The spectral in-
dex is -2 and is quite different from the black-
body case. This agrees with observation as the
observed pulsar spectra have indices between -1
and -3

It is known that the energy emitted by a gas in
thermal equilibrium cannot exceed that given by
the Planck law. However, departures from ther-
modynamic equilibrium take place when the mag-
netic neutron star pulsates along the field direc-
tion. During an oscillation, the temperature of
the ions and the electrons will change adiabati-
cally. The ions are classical particles, so that
T;~p"' where T; is the ion temperature and p is
the density. However, in an intense field the
electron gas is a one-dimensional gas. ' Assum-
ing no change in quantum numbers, the electron
temperature T is proportional to p'. An elec-
tron gas initially in equilibrium with the ions
will, during the expansion phase of the oscilla-
tion, become cooler than the ions. The upper
magnetic states will then be overpopulated, and

a departure from equilibrium will be set up.
Stimulated emission can cause electrons in the
upper states to avalanche into states of lower
quantum numbers, in a laserlike process. In the
contracting phase, matter moves back to regions
of high density, and Te will be greater than T;,
and a superheated electron gas will result. As
it will take many collisions with the ions to
achieve equilibrium, the most efficient way for
electrons to lose energy is via the bremsstrah-

When the frequency p is less than the plasma
frequency v~

= (ne'/mv)' ', then the dielectric
constant becomes negative. C onsequently no

propagation of electromagnetic waves at frequen-
cies below p~ is possible. The electron density
at the surface of a neutron star is -6 x10"/cm'
and the plasma frequency is 10"Hz, which is
well beyond the uv band. However, in a magnet-
ic field this conclusion has to be modified. In
certain directions, propagation of electromagnet-
ic waves with p & p~ is still possible. In general
the dielectric constant in a magnetic field has a
complicated expression. " However, in our case
the dielectric constant can be easily computed
when the photon energy is much less than the
magnetic transition energy. " The electrons then
can be regarded as truly one-dimensional parti-
cles and they can only move in the direction of
the field. Consider two cases of propagation:
(1) Propagation parallel to the field. The elec-
tric vector of the wave will be perpendicular to
the field. Since electrons cannot respond to a
perpendicular electric field, the wave can propa-
gate freely along the field lines. (2) Propagation
perpendicular to the field. The electric vector
will have a component along the field lines, this
component can interact with the electrons, and
propagation is governed by Eq. (5). An electro-
magnetic wave propagating in an arbitrary direc-
tion can be resolved into two wave components,
one propagating parallel to the field and the other
perpendicular to it. Only the parallel component
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can propagate if the frequency is less than the
plasma frequency.

Equation (4) shows that bremsstrahlung emis-
sion in a magnetic field will in general not be in
the direction of the field. However, because of
the effect mentioned in the last paragraph, only
the wave component parallel to the field can
propagate into space. The absorption cross sec-
tion due to the inverse reaction of (2) vanishes
along the direction of the field. " A small ab-
sorption cross section implies that the radiation
rate is the same as the production rate, and the
spectrum of radiation should somewhat reflect
the production spectrum. A magnetic neutron
star will therefore not radiate as a black body.

We also expect that emission from a magnetic
neutron star will occur predominantly in the po-
lar region, where field lines diverge into space.
The radiation will then concentrate in a narrow
cone defined by the field configurations near the
pole. A magnetic neutron star will thus not radi-
ate isotropically, but preferentially in some di-
rections. If the star rotates, this narrow cone
sweeps through space, producing a sharp radio
pulse ("searchlight effect"). We thus expect that
some pulsars will not be detectable because we
are outside their sweeping pattern. Maran es-
tirpated that due to beaming, at most I000 pul-
sars may be observed out of a possible 104 pul-
sars in our galaxy.

Magnetic neutron stars can only radiate near
the pole. Such a star will have a very unstable
envelope. Tidal1. ike oscillations may take place,
and this may be the source of the millisecond
pulsations. The period of tidal pulsations will be
quite different from the period obtained assuming
a pure radial pulsations. Our calculation" showed
that bremsstrahlung emission from a single elec-
tron in a magnetic field is almost 100% linearly
polarized. Through processes of stimulated
emission, coherent polarization may be possible.
This problem will be discussed at greater length
in a separate paper. However, if our interpreta-
tion of pulsars as magnetic neutron stars is cor-
rect, pulsars should also radiate emission lines
due to magnetic and fine-magnetic transitions.
Because of large-scale field inhomogeneities,
these lines will be smeared into bands. The
wavelengths of these bands will inform us of the
strength of the field according to the equations,
for magnetic transition,

H9= (1069 A)/A (uv or opticaL);

for fine-magnetic transition,

H, = (91 p) jx (infrared).

The detection of the magnetic transition line may
be difficult if the field strength exceeds 1.2x10~
0 due to interstellar absorption of uv photons
with energies above the hydrogen ionization ener-
gy. The fine-magnetic transition will give rise to
infrared lines in the decamicron range.
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A method of forming a compressed electron ring for an electron ring accelerator in a
static rather than pulsed magnetic field is proposed. Advantages of this method as well
as some problems and possible solutions are discussed and results of computer studies
are presented.

After its proposal by Veksler' in 1956 substan-
tial interest has developed recently in the elec-
tron ring accelerator as a source of high-energy
protons, and extensive study programs are now
under way at Dubna' and Berkeley. ' In the schemes
under investigation a high-intensity, 4.5-MeV
electron beam is injected into a betatron-type
magnetic field produced by solenoidal coils. ' Af-
ter injection the magnetic field is pulsed from a
few hundred gauss to some 20 kG thereby com-
pressing the electron ring adiabatically to a final
diameter of about 7 cm and an energy of 23 MeV.
A stream of neutral hydrogen is injected and pro-
tons formed through ionization are trapped in the
deep potential well of the high-density electron
ring. Acceleration of the protons to high ener-
gies is then accomplished either through simple
expansion of the electron ring in the magnetic
fringe field or by means of a linear accelerator.

%e are proposing an alternate compression
method by which the electron ring is formed in a
static magnetic field. As an example, in this
scheme the high-intensity beam from a pulsed,
25-Mev electron linac (pulse width about 10
nsec, corresponding length 3 m) is injected axi-
ally into a solenoidal magnetic field as illustrat-
ed in Fig. 1. In what is equivalent to a reversal
of the expansion process the initial longitudinal
momentum

p~~
of the electrons is transformed in-

to transverse momentum p& resulting in the for-
mation of a compressed electron ring in the high-
intensity-field region (20 kG) at the center of the
solenoid. At this point, neutral atoms can be in-
jected, and acceleration via expansion or in a
linac would be the same as in the Dubna-Berke-
ley scheme.

Under adiabatic conditions the magnetic flux

linked by an electron trajectory is a constant.
An electron with transverse momentum p&. and
radius of curvature R~ at some initial point (z
= z;) in the fringe region of the solenoidal field
will have momentum p~ and radius R~ in the
compressed state at the center of the solenoid
(z =0) as determined by the relation

R. (Bic 1.
1

c
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FIG. 1. Electron trajectory in solenoidal fringe field.

where 8; and B~ is the magnetic field strength at
the two points.

If F. =E0+T is the total energy of the elec-T 0
tron, YT

= ET/E0 = (1-p1') '",
'Y11

= (1-p11')
and yT= y~~ yz, then relativistic kinematics re-
lates the longitudinal momentum p~i~ at g = 0 to
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