For most of the time the atmospheric ir-
regularities are considerably worse, and al-
though there is insufficient information on
scale sizes >20 km, the use of instruments
much larger than this will introduce diffi-
culties associated with the curvature of the
atmosphere. One might guess that it
should be possible to build instruments
which would give a resolution better than
0”.5 arc for perhaps 50 percent of the win-
ter months.

To reach a greater resolution new tech-
niques capable of correcting for the atmo-
spheric effects will be necessary. One
simple, though expensive, solution would
be to build a second dish alongside each
element, so that observations of a refer-
ence point source close to the area to be
mapped could be made simultaneously at
every spacing. The observed phase errors
for this reference source could then be used
to provide a continuous correction for the
signals from the area being mapped.

Such techniques can clearly be extended
to the interferometers having baselines of
many thousands of kilometers (very long
baseline interferometers) which have been
made possible by the development of
atomic frequency standards. These in-
struments have shown the existence of very
small components, ~0”.001 arc in some
sources. A comparison source for eliminat-
ing both atmospheric and instrumental
phase was first used at Jodrell Bank in the
special case of sources of the OH maser
line at A = 18 cm, where different com-
ponents within the primary beam can be
distinguished by their frequency; if one is

used as a phase reference the relative posi-
tions of the others can be found (/1).

For continuum sources a reference out-
side the primary beam of the instrument
must, in general, be used, and two elements
at each location are needed. This technique
has been used in the United States to re-
duce both instrumental and atmospheric
phase variations in measurements of the
gravitational deflection of radio waves by
the sun (/2); one pair of elements was used
to observe a source close to the sun, while
the other pair observed a reference source
about 10° away.

The accuracy of the correction, and
hence the shortest wavelength at which
mapping could be achieved, would depend
on the angular separation between the area
to be mapped and a reference source suffi-
ciently intense and of sufficiently small an-
gular size. But even if adequate phase sta-
bility can be attained in this way, there is a
serious practical difficulty in making maps
with resolution ~0”.001 arc, due to the in-
evitable poor sampling of the aperture
plane. Even with five or six stations distrib-
uted across one hemisphere of the world,
and using every possible combination of
the signals from them, with observing peri-
ods lasting several hours, the fraction of
the aperture plane which can be filled is
still very small, so that the field of view
which can be mapped without ambiguity
from secondary responses is unlikely to ex-
ceed ~0”.02 arc. Whilst there seems little
hope of deriving complete maps of most
sources with this resolution, there are cer-
tainly some central components where

Pulsars and High Density Physics

Discovery of Pulsars

The trail which ultimately led to the first
pulsar began in 1948 when I joined Ryle’s
small research team and became interested
in the general problem of the propagation
of radiation through irregular transparent
media. We are all familiar with the twin-
kling of visible stars, and my task was to
understand why radio stars also twinkled. I
was fortunate to have been taught by Rat-
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cliffe, who first showed me the power of
Fourier techniques in dealing with such
diffraction phenomena. By a modest exten-
sion of existing theory I was able to show
that our radio stars twinkled because of

such a map could provide very important
information.

But I think it may also be important for
our understanding of the mechanisms op-
erating in the main components of radio
sources to obtain complete maps with in-
termediate resolution; for this work exten-
sions of the present synthesis techniques,
while retaining good filling of the aperture
plane, are needed.

The last 25 years have seen a remark-
able improvement in the performance of
radio telescopes, which has in turn led to a
much greater understanding of the strange
sources of “high-energy astrophysics” and
of the nature of the Universe as a whole.

I feel very fortunate to have started my
research at a time which allowed me and
my colleagues to play a part in these ex-
citing developments.

References

1. M. Ryle, Proc. R. Soc. Lond. Ser. A Math. Phys.
Sci. 248, 289 (1958).

. P. A. G. Scheuer and M. Ryle, Mon. Not. R. As-

tron. Soc. 113, 3 (1953).

. J. H. Blythe, ibid. 117, 644 (1957).

C. H. Costain and F. G. Smith, ibid. 121, 405

(1960).

J. D. H. Pilkington and P. F. Scott, Mem. R. As-

tron. Soc. 69, 183 (1965).

.(llgF §1 Gower, P. F. Scott, D. Wills, ibid. 71, 49

67).

. M. Ryle and A. C. Neville, Mon. Not. R. Astron.

Soc. 125, 39 (1962).

C. G. Wynn-Williams, E. E. Becklin, G. Neuge-

bauer, Astrophys. J. 187, 473 (1974).

. M. Rees, Nature(Lond.) 229,312 (1971).

. P. A. G. Scheuer, Mon. Not. R. Astron. Soc. 166,
513 (1974).

. A. J. Cooper, R. D. Davies, R. S. Booth, ibid. 152,
383 (1971).

. C. C. Counselman, S. M. Kent, C. A. Knight, I. I.
Shapiro, T. A. Clarke, H. F. Hinteregger, A. E. E.
:(lg%il)'s, A. R. Whitney, Phys. Rev. Lett. 33, 1621

SO ® N S U hw N

o =

plasma clouds in the ionosphere at heights
around 300 km, and I was also able to
measure the speed of ionospheric winds in
this region (/).

My fascination in using extraterrestrial
radio sources for studying the intervening
plasma next brought me to the solar co-
rona. From observations of the angular
scattering of radiation passing through the
corona, using simple radio interferometers,
I was eventually able to trace the solar at-
mosphere out to one-half the radius of the
earth’s orbit (2).

In my notebook for 1954 there is a com-
ment that, if radio sources were of small
enough angular size, they would illuminate
the solar atmosphere with sufficient coher-
ence to produce interference patterns at
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the earth which would be detectable as a
very rapid fluctuation of intensity. Unfor-
tunately the information then available
showed that the few sources known were
more than 100 times too large to produce
this effect, and I did not pursue the idea.
This was sad because the phenomenon was
discovered by chance, about 8 years later,
by Margaret Clarke long after I had for-
gotten all about my comment. She was in-
volved with a survey of radio sources at
Cambridge and noticed that three particu-
lar sources showed variations of intensity.
She pointed out that two of the sources
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were known to have angular sizes of less
than 2” and estimated that a scintillation
mechanism required plasma irregularities
at distances of thousands of kilometers but
she concluded that the fluctuations were an
intriguing mystery (3). During a group dis-
cussion 1 suddenly remembered my ear-
lier conclusion and realized that, if the
radio sources subtended an angle of less
than 1”, they might show the predicted
intensity scintillation caused by plasma
clouds in the interplanetary medium. With
the assistance of Scott and Collins special
observations of 3C 48 and other quasi-
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stellar radio sources were made and the
scintillation phenomenon was immediately
confirmed (4).

Since interplanetary scintillation, as we
called this new effect, could be detected in
any direction in space I used it to study the
solar wind, which had by then been discov-
ered by space probes launched into orbits
far beyond the magnetosphere. It was in-
teresting to track the interplanetary dif-
fraction patterns as they raced across En-
gland at speeds in excess of 300 km sec™',
and to sample the behavior of the solar
wind far outside the plane of the ecliptic
where spacecraft have yet to venture (3).

The scintillation technique also provided
an extremely simple and useful means of
showing which radio sources had angular
sizes in the range 0”.1 to 1”.0. The first
really unusual source to be uncovered by
this method turned up in 1965 when, with
my student Okoye, I was studying radio
emission from the Crab Nebula. We found
a prominent scintillating component
within the nebula which was far too small
to be explained by conventional synchro-
tron radiation, and we suggested that this
might be the remains of the original star
which had exploded and which still showed
activity in the form of flare-type radio
emission (6). This source later turned out
to be none other than the famous Crab
Nebula pulsar.

In 1965 I drew up plans for a radio tele-
scope with which I intended to carry out a
large-scale survey of more than 1000 radio
galaxies using interplanetary scintillation
to provide high angular resolution. To
achieve the required sensitivity it was nec-
essary to cover an area of 18,000 m? and,
because scintillation due to plasmas is
most pronounced at long wavelengths, 1
used a wavelength of 3.7 m. The final de-
sign was an array containing 2048 dipole
antennas. Later that year I was joined by a
new graduate student, Jocelyn Bell, and
she became responsible for the network of
cables connecting the dipoles. The entire
system was built with local effort and we
relied heavily upon the willing assistance of
many members of the Cambridge team.

The radio telescope was complete, and
tested, by July 1967 and we immediately
commenced a survey of the sky. Our
method of utilizing scintillation for the
quantitative measurement of angular sizes
demanded repeated observations so that
every source could be studied at many dif-
ferent solar elongations. In fact, we sur-
veyed the entire range of accessible sky at
intervals of 1 week. To maintain a contin-
uous assessment of the survey we arranged
to plot the positions of scintillating radio
sources on a sky chart, as each record was
analyzed, and to add points as the observa-
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tions were repeated at weekly intervals. In
this way genuine sources could be distin-
guished from electrical interference since
the latter would be unlikely to recur with
the same celestial coordinates. It is greatly
to Jocelyn Bell’s credit that she was able to
keep up with the flow of paper from the
four recorders. _

One day around the middle of August
1967 Jocelyn showed me a record in-
dicating fluctuating signals that could have
been a faint source undergoing scintillation
when observed in the antisolar direction
(Fig. 1). This was unusual since strong
scintillation rarely occurs in this direction,
and we first thought that the signals might
be electrical interference. By the end of
September routine survey records showed
that the source had been detected on
several occasions, although it was not al-
ways present, and I suspected that we had
located a flare star, perhaps similar to the
M-type dwarfs under investigation by
Lovell but the position varied by up to 90
seconds in right ascension, which was
puzzling. We installed a high-speed re-
corder to study the nature of the fluctuat-
ing signals but met with no success as the
source intensity faded below our detection
limit. During October this recorder was re-
quired for prearranged observations of an-
other source, 3C 273, to check certain as-
pects of scintillation theory, and it was not
until 28 November that we obtained the
first evidence that our mysterious source
was emitting regular pulses of radiation at

intervals of just greater than 1 second (Fig. -

2). I could not believe that any natural
source would radiate in this fashion, and I
immediately consulted astronomical col-
leagues at other observatories to inquire
whether they had any equipment in opera-
tion which might possibly generate electri-
cal interference at a fixed sidereal time
near 19 19™

In early December the source increased
in intensity and the pulses were clearly vis-
ible above the noise. Knowing that the sig-
nal was pulsed made it possible to ascer-
tain the electrical phase and I reanalyzed
the routine survey records. This showed
that the celestial coordinates were, in fact,
constant. The apparent variations had
been caused by random changes of in-
tensity. Still skeptical, I arranged a device
to display accurate time marks at 1-second
intervals broadcast from the MSF Rugby
time service and on 11 December began
daily timing measurements. To my aston-
ishment the readings fell in a regular pat-
tern, to within the observational uncer-
tainty of 0.1 second, showing that the
pulsed source kept time to better than 1
part in 10°. Meanwhile my colleagues
J. D. H. Pilkington and Scott and Collins

13 JUNE 1975

30
P\O .\, ~”Dlt::;)(é:'/
\O [ 2
\o \o
25 + \o \o 115
Ne
h
20t u ! o
// )
15 to o —» 125
T~ .
_— \\\\o N
~ ’\\
~
>
10+ 130
41 JAN
1968
5 b
~ - 15
0.
=
— ° .
of T~
. |o
_5 -
415
—':5 o® T

Fig. 3. Timing measurements showing Doppler
shift due to the orbital motion of the earth.

found by quite independent methods that
the signal exhibited a rapidly sweeping fre-
quency of about -5 Mhz sec™'. This showed
that the duration of each pulse, at one par-
ticular radio frequency, was approximately
16 msec.

Having found no satisfactory terrestrial
explanation for the pulses, we now began
to believe that they could only be gener-
ated by some source far beyond the solar
system, and the short duration of each
pulse suggested that the radiator could not
be larger than a small planet. We had to
face the possibility that the signals were,
indeed, generated on a planet circling some
distant star, and that they were artificial. |
knew that timing measurements, if contin-
ued for a few weeks, would reveal any or-
bital motion of the source as a Doppler
shift, and I felt compelled to maintain a
curtain of silence until this result was
known with some certainty. Without
doubt, those weeks in December 1967 were
the most exciting in my life. _

It turned out that the Doppler shift was
precisely that due to the motion of the
earth alone (Fig. 3), and we began to seek
explanations involving dwarf stars, or the
hypothetical neutron stars. My friends in
the library at the optical observatory were

surprised to see a radio astronomer taking
so keen an interest in books on stellar evo-
lution. I finally decided that the grav-
itational oscillation of an entire star pro-
vided a possible mechanism for explaining
the periodic emission of radio pulses, and
that the fundamental frequency obtainable
from white dwarf stars was too low. I sug-
gested that a higher-order mode was
needed in the case of a white dwarf, or that
a neutron star of the lowest allowed den-
sity, vibrating in the fundamental mode,
might give the required periodicity. We
also estimated the distance of the source
on the assumption that the frequency
sweep was caused by pulse dispersion in
the interstellar plasma, and obtained a
value of 65 parsecs, a typical stellar dis-
tance.

While 1 was preparing a coherent ac-
count of this rather hectic research, in Jan-
uary 1968, Jocelyn Bell was scrutinizing all
our sky-survey recordings with her typical
persistence and diligence and she produced
a list of possible additional pulsar posi-
tions. These were observed again for evi-
dence of pulsed radiation, and before sub-
mitting our paper for publication, on 8
February, we were confident that three ad-
ditional pulsars existed although their pa-
rameters were then only crudely known. I
well remember the morning when Jocelyn
came into my room with a recording of a
possible pulsar that she had made during
the previous night at a right ascension 09b
50™. When we spread the chart over the
floor and placed a meter rule against it a
periodicity of 0.25 second was just discern-
ible. This was confirmed later when the
receiver was adjusted to a narrower band-
width, and the rapidity of this pulsar made
explanations involving white dwarf stars
increasingly difficult.

The months that followed the announce-
ment (7) of our discovery were busy ones
for observers and theoreticians alike, as ra-
dio telescopes all over the world turned to-
ward the first pulsars and information
flooded in at a phenomenal rate (Fig. 4). It
was Gold (8) who first suggested that the
rotation of neutron stars provided the sim-
plest and most flexible mechanism to ex-
plain the pulsar clock, and his prediction
that the pulse period should increase with
time soon received dramatic confirmation
with the discovery of the pulsar in the Crab
Nebula (9, 10). Further impressive support
for the neutron star hypothesis was the de-
tection of pulsed light from the star which
had previously been identified as the rem-
nant of the original explosion. This, ac-
cording to theories of stellar evolution, is
precisely where a young neutron star
should be created. Gold also showed that
the loss of rotational energy, calculated
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Fig. 4. Radiation from a typical pulsar.

from the increase of period for a neutron
star model, was exactly that needed to
create the observed synchrotron light from
the nebula.

Now, in 1974, with more than 130 pul-
sars charted in the heavens, there is over-
whelming evidence that the neutron star
“lighthouse” model is correct. No other
star could spin fast enough, without frag-
menting, to account for the most rapid pul-
sars, yet periods ranging from 33 msec to
3.5 seconds are readily accommodated by
the rotation theory. At the same time there
is unfortunately no satisfactory theory to
account for the radio emission generated
by these tiny stars, which have radii of only
10 km.

High Density Physics inside

Neutron Stars

The prediction that matter at the almost
unimaginable density of 10'* kg m~* might
be formed under gravitational compres-
sion inside stars was first made by Baade
and Zwicky (/1) in 1934, soon after Chad-
wick’s discovery of the neutron. At this
density only a small fraction of the original
protons and electrons could exist and mat-
ter would consist predominantly of neu-
trons. It is the degeneracy pressure arising
from the neutrons, which obey Fermi
statistics, that balances further gravita-
tional compression, although finally the
Fermi energy becomes relativistic and fur-
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ther gravitational collapse ensues. Since
complex nuclei are generated by nuclear
fusion inside hot stars, where there is a
large thermal pressure, the degenerate neu-
tron state can only be found when fusion
ceases and we deal with the cooling
‘““ashes” of stellar evolution. The stars that
give rise to neutron stars are more massive
than the sun, and it is believed that the for-
mation of neutron stars is associated with
supernova explosions.

Since the discovery of pulsars there has
been great activity among solid-state phys-
icists around the world because neutron
matter, at any temperature less than about
10° K, behaves rather like ordinary matter
close to the absolute zero of temperature.
The generally agreed model of a neutron
star (Fig. 5) consists of concentric shells
with very different physical properties, as
reviewed by Ruderman (/2).

At the surface of the star it is likely that
there exists a shell of iron since *°Fe is the
most stable nucleus. The atoms would be
normal if no magnetic field were present.
In astrophysics it is unwise to ignore mag-
netic phenomena, and gravitational col-
lapse following a supernova explosion
probably compresses the original stellar
magnetic flux to produce surface field
strengths of 10® teslas or more. In fields of
this magnitude the radius of gyration of
electrons in atomic energy levels becomes
smaller than the Bohr radius and the elec-
tronic wave functions adopt a cylindrical
shape. It is far harder to ionize distorted

Neutron superfiuid

Neutron tattice

Hyperon core

Fig. 5 (left). Model of a neutron star. Fig. 6 (right). Neutron
for an aligned magnetic rotator.

atoms of this kind, and this is of impor-
tance when considering the generation of a
magnetosphere surrounding the neutron
star.

Beneath the iron skin the increasing
compression forces electrons into higher
energy states until they are entirely freed
from the positive nuclei. The unscreened
nuclei then settle into a rigid lattice having
a melting temperature of about 10° K. At
greater depths the electron energies be-
come relativistic and they begin to com-
bine with protons in the nuclei, thus adding
to the neutron population. This is the pro-
cess of inverse g decay. At a sufficient
depth nearly all the electrons and protons
have disappeared and the nuclei have been
converted to a sea of neutrons.

The energy gap for neutron pairing is of
the order of several million electron volts,
corresponding to a superfluid transition
temperature of 10° to 10" K, and since
young neutron stars cool rapidly to tem-
peratures below 10° K, the neutron sea is
expected to behave like a quantum super-
fluid. The few remaining protons will sim-
ilarly pair and enter a superconducting
state, while the residual electrons will be-
have normally. The bulk motion of the
neutron superfluid must be irrotational,
but an effective solid body rotation can be
simulated with a distribution of quantized
vortex lines containing a small fraction of
normal fluid neutrons.

At yet deeper levels the neutron-neutron
interaction may result in the creation of a
solid neutron lattice, although this possi-
bility is under debate, and finally there is
the question of a material composed of
stable hyperons.

Evidence that neutron stars do indeed
have a structure similar to the predicted
models has been obtained from extended
timing observations of pulsars (/3). These
show that the systematic increase of

velocity of light cylinder —————

corotating
magnetosphere

star magnetosphere
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period, corresponding to a steady loss of
rotational energy from the spinning star, is
sometimes interrupted by discontinuous
changes. Most pulsars are observed to be
slowing down on a typical time scale of 10¢
to 107 years, although the most rapid pul-
sars, in the Crab and Vela supernovae,
have time scales of only 10 and 10 years,
respectively. The discontinuities often
show an abrupt decrease of period, fol-
lowed by a recovery to a slightly reduced
value with a characteristic relaxation time.

For the Crab pulsar this effect can be ex-
plained by a rigid crust-liquid core model.
Young neutron stars are likely to be spin-
ning rapidly at birth, with angular veloci-
ties up to 10* radian sec™!, and they will
therefore have a spheroidal shape. As a
star slows down it will tend to become less
spheroidal, and the rigid crust will fracture
at irregular intervals as the increasing
strain overcomes rigidity. When this oc-
curs the crust will' momentarily spin more
rapidly, but later the increased angular
momentum will be coupled into the fluid
interior, where the bulk of the mass re-
sides. The observed time constant for cou-
pling is in good agreement with the super-
fluid model, and would be far smaller in
the case of a normal fluid interior. It is re-
markable that a crust shrinkage of only 10
pm is sufficient to explain the period
anomalies for the Crab pulsar. When sim-
ilar reasoning is applied to the Vela pulsar,
for which the anomalies are larger, it is
found necessary to invoke a solid neutron
lattice core in which strains imposed when
the star was young are intermittently re-
laxed.

Plasma Physics outside Neutron Stars

It is strange that there appears to be
more understanding of the interior of neu-
tron stars than of their atmospheres,
wherein is generated the radiation which
makes them detectable. Ginzburg and
Zheleznyakov (/4) have summarized the
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electrodynamic problems in detail. The
model upon which theorists are con-
centrating most attention is that of an
oblique magnetic rotator, in which the pul-
sar may be regarded as a dynamo, powered
by the initial store of rotational kinetic en-
ergy, and converting this into radiation to-
gether with a flux of relativistic particles by
means of the large magnetic field. The
oblique rotator model was first considered
by Pacini (/5) before pulsars had been
found, and it was Gold (8) who suggested
that an extended corotating magne-
tosphere played a vital role (Fig. 6).

Goldreich and Julian (/6) showed that
electrical forces arising from unipolar in-
duction would be sufficient to drag charges
from the stellar surface and then distribute
them in a corotating magnetosphere. It is
not yet known whether such a distribution
is stable, and the plasma differs from labo-
ratory plasmas in that almost complete
charge separation occurs. Inertial forces
must dominate when the corotation veloc-
ity approaches ¢, and beyond the velocity
of light cylinder the plasma breaks away to
create a stellar wind. In such models the
polar regions are believed to play a crucial
role since particles can escape along
“open” field lines.

Within such an overall framework exists
the ordered motion of the charges which
generate the beamed radio waves that we
observe, and also those regions which emit
light and x-rays for the youngest pulsar in
the Crab. The fascinating richness of the
phenomena, involving polarization, pulse
shapes, radio spectra, intensity variations,
and complex secondary periodicities, must
eventually provide vital evidence to resolve
our present uncertainties. There is good
reason to believe that the general outline is
correct. Simple dynamics shows that the
surface magnetic field strength B2 is pro-
portional to Pdp/dt, where P is the pulsar
period, and observations of many pulsars
give B, ~ 10* teslas when conventional
neutron star models are assumed. Further
evidence comes from pulsar ages which are

approximately P(dP/dt)'. Typical ages
are 10¢ to 107 years, although 10 years is
obtained for the Crab pulsar, in good
agreement with the known age of the su-
pernova.

Conclusion

In outlining the physics of neutron stars,
and my good fortune in stumbling upon
them, I hope that I have given some idea of
the interest and rewards of extending phys-
ics beyond the confines of laboratories.
These are good times in which to be an as-
trophysicist. I am also deeply aware of my
debt to all my colleagues in the Cavendish
Laboratory. Firstly to Sir Martin Ryle for
his unique flair in creating so congenial
and stimulating a team in which to work.
Secondly to Jocelyn Bell for the care, dili-
gence, and persistence that led to our dis-
covery so early in the scintillation pro-
gram, and finally to my friends who con-
tributed so generously in many aspects of
the work.
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