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No. X-612-64-95, describe the Explorer-18 magnetome-
ter measurements, show evidence for the existence of

a collisionless shock wave, and discuss its contour rela-
tive to the magnetospheric boundary.
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A rapid, apparently irreversible change in the
interplanetary plasma and magnetic field was
seen on 7 October 1962 by Mariner II when it
was 10.6X 10% km from earth and 36° to the left of
the earth-sun line as seen by an earth observer
facing the sun. The geometry of the spacecraft
on the occasion of this event is shown in Fig. 1.
The unit vectors are &p,&y, &7 such that &,
is radially outward from the sun; EN is directed
toward the ecliptic north pole, and &p=&)\X¢ép

a structure that is vanishingly thin compared to
the mean free path. Theoretical investigation of
such shocks has predicted structures whose scale
is determined by the gyroradii.! The potential
importance of such shocks in interplanetary space
has been discussed by Gold? and Parker.®

The general character of the interplanetary
medium is known from the analyses of magnetom-
eter and plasma data, the latter having been sum-
marized by Neugebauer and Snyder* and by Snyder
is in the direction that the earth moves. Th1s and Neugebauer.® The plasma data for this event
event appears to be a hydromagnetic shock with show that the flux dropped to an undetectable level
e in the 314-km/sec channel, decreased somewhat

in the 379-km/sec channel, and increased sub-
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FIG. 1. Geometry of the Mariner II orbit on 7 Oc-
tober 1962. The shock normal direction computed
from the change in the magnetic field is indicated.
eR, eN, & are unit vectors defining a coordinate sys-
tem along the radius vector from the sun, toward the
ecliptic north pole, and along EN XER, respectively.

stantially in the 464-, 565-, and 689-km/sec chan-
nels. These changes occurred during one sam-
pling interval of the plasma probe (3.7 min).
Simultaneously, the magnetic field (Fig. 2) dis-
played a pulselike rise in magnitude from 6 to

16 y (1 y=10"° gauss), followed immediately by
a partial relaxation to about 11 ¥ and the appear-
ance of disordered fields lasting many hours.

A sudden-commencement geomagnetic storm
began at the earth 4.7 hours later. Assuming
that a spherical pulse expanded outward from the
sun, the corresponding radial velocity was 510
km/sec (= 10.6X 10%°c0s36°/4.7X 60%)., From the
plasma data, the pre- and post-event solar wind
velocities, assumed to be radially out from the
sun, are 380+ 10 km/sec and 460+ 10 km/sec,®
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FIG. 2. Magnetic field recorded by Mariner II mag-

netometer for a two hour period, 7 October 1962.
Spike marking the event is at 1546 UT.

respectively. In the Mariner coordinate system,
the solar wind velocities on both sides of the
event are highly super-Alfvénic and supersonic;
however, in a frame of reference moving with the
wind, the velocities imply a shock of low Mach
number.

To test the identification as a shock, we in-
vestigate the abruptness of the magnetic pulse
(Fig. 2). If a smooth curve is drawn through the
data, it appears that the structure may just be
resolved. A disturbance velocity of 510 km/sec
implies a pulse thickness of perhaps 3X 10* km
It is implausible that the pulse is an ordinary,
large-amplitude wave because such a short wave
should rapidly steepen into a shock with a thick-
ness determined by dissipative processes and
the gyroradii. Although structures smaller than
2X 10* km could not be detected with the telemetry
sampling interval of 37 seconds, the irregularity
of the data points suggests that such structure may
be present. If the waves of elementary collision-
less shock theory® are involved, the character-
istic dimensions of the smallest scale features
should be of the order of 2 km. The data are con-
sistent with a shock composed of a superposition
of such waves, organized into the larger scale
pulse shown in Fig. 2 by dissipative phenomena.
Since viscosity and thermal conductivity cannot
operate in a time less than one collision period,
the observed narrow pulse may suggest that plas-
ma instabilities damp the waves.

Further support for interpreting the event in
question as a shock is provided by showing that
the data are consistent with the well-known” high-
conductivity hydromagnetic generalization of the
single-fluid, isotropic-pressure, Rankine-
Hugoniot conditions that express conservation of
mass, momentum, and energy. It is assumed
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that in the shock frame of reference, conditions
are stationary and all velocity, magnetic, and
electric fields are uniform in each of the two
regions separated by the shock front. The data
do not show this uniformity after passage of the
shock front; hence, we use the best available
average values and suggest that the fluctuations
be regarded as a form of internal energy to be
allowed for by use of a suitable effective value of
v, the ratio of specific heats.

The values of §1 and Ez, magnetic fields just
before and just after the shock passes by,_allow
a determination of the shock normal. DivB=0
requires that the plane of the shock contain AB
=§2—§,. The Rankine-Hugoniot conditions derived
from the conservation of the transverse component
of the momentum, and the continuity across the
shock front of the tangential component of the
electric field in the shock reference frame, re-

uire tl}f.t the shock normal lie in the plane of
B, and B,. Hence, the shock normal must be
perpendicular both to AB and to —ﬁ,X —ﬁz. Since
the solar wind flows nearly radially outward
from the sun, it might be expected that the shock
normal would be in the radial direction. The
Mariner-II observations show that AB had a sub-
stantial radial component; hence the shock front
must be oblique, with the usual consequence of
a refraction of the plasma velocity vector in pass-
ing through the shock front. It should be empha-
sized that this conclusion is not affected by any
uncertainty in our knowledge of the spacecraft
field (the magnetometer cannot distinguish be-
tween interplanetary fields and those of the e_space-
cra.ft) because the spacecraft field affects B
and B2 equally and does not affect AB.

The heliocentric velocity with which one must
move in a direction normal to the shock front in
order to remain in it is

vnszE'és/t’ (1)
where FME is the vector from Mariner to the
earth, €g is the shock normal unit vector, and
t=4.7 h is the time between the event on Mariner
and the sudden commencement of the geomagnetic
storm. As the shock reference frame, let us use
a system whose origin moves along éR with the
velocity

Vep = v/e-

which keeps the origin in the shock front. As
axes in this frame, use the mutually orthogonal
unit vectors eg along AB=0. 9eR -5. 6eT -3. QeN,

=509 km/sec, (2)
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ea along B xB,, and e), -ea xeB e, as given in
Fig. 1. Since B1 and B are normal to ea, the
shock conditions are simplified in this system.
The plasma probe data show that the preshock

gas has a heliocentric velocity of SBOER km/sec,
where we disregard the possibility of very small
transverse velocities. In the shock frame the
components are vg1=9 km/sec, vgy =-17 km/sec,
v,1=128 km/sec.

It is assumed in the sample calculation that the
preshock gas density is 15 cm™. This is the
best value from Neugebauer?; it assumes an iso-
tropic temperature distribution and takes the
aberration due to spacecraft motion into account.
The components in the shock frame of the pre-
and post-shock magnetic fields given above are
B,1=By9=0, BBI =49y, BBZ =11.8 y, and
B y1= =B y2= =4.1y.

A summary of the results of the application of

the Rankine-Hugoniot equations is given in Table I.

Ordinarily one assumes that T,, the upstream
temperature, and the direction of the shock nor-
mal are known and solves the equations for all
the conditions on the downstream side of the
shock. Instead, we assume that the downstream
magnetic field is known and solve for the shock
normal, the temperatures on both sides of the
shock, and the velocity and density on the down-
stream side. With the data given above and the
ratio of specific heats ¥ = §, we get in the helio-
centric frame V9 = 450€R + 10&7 + 14€y;, i.e., ina
direction 1.3° westward and 1.8° to the north of
€g. The density is about 34 cm™3; the tempera-
tures can be fitted to 7,~=10%° and T,~10°*°K;
and the shock strength is about 4.

We must now compare these predictions of our
sample calculation with observation where 7, is
modified by solar wind aberration. The magni-
tude of V, agrees well with the plasma data,

Table I.

Measured and computed gas parameters: pre- and post-shock values for y=

which give no direct information on the change

in direction. The values of density and tempera-
ture are somewhat higher than those generally
found by Neugebauer.® More precisely, it is not
possible to fit both T, and T, for any value of y.
In choosing to make T, equal to that found by
Neugebauer and constraining y to 3, T, is higher
by half than the isotropic extension of the experi-
mental post-shock gas temperature. There is
considerable fluctuation in the observed quanti-
ties. If the fluctuations over which we average
involve substantial amounts of internal energy, v
should be decreased and this will decrease the
computed temperature difference. We conclude
that the data fit this model of a shock to within the
uncertainties in the data.

We expect to refine these calculations in a sub-
sequent paper, where the effect of varying y will
also be considered; and we emphasize here the
qualitative evidence for a hydromagnetic shock.

The authors are indebted to P. A. Sturrock,

J. W. Dungey, and J. R. Spreiter for several
stimulating discussions regarding this problem.
They also wish to acknowledge the generosity of
M. Neugebauer in providing special computations
and certain aspects of her plasma data prior to
publication. The computer programming was ex-
pertly carried out by B. Briggs. Parts of this
work were supported under NsG-426 (LD), NsG-
249-62 (PJC), and NAS 7-100 (EJS).
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3. Shock velocity is 509R

based upon transit time and computed shock normal direction.

Preshock Post-shock
Parameter Measured Computed Measured
B(10~° gauss) 5R -3.7T-2.2N 5.9R -9.37 -6.1N
V(km/sec) 380R 450R + 107 + 14N 458R
N(cm™3) 152 34 32+4
T(°K) 1.2 x10° 2.4 x10° 1.7 x10°
(measured)
1.1 x10°
(computed)
Magnetoacoustic Mach No. 2.0 0.7 0.6

155



VoLUME 13, NUMBER 5

PHYSICAL REVIEW LETTERS

3 AuGusT 1964

(Interscience Publishers, Inc., New York, 1963).
‘M. Neugebauer and C. W. Snyder, Science 138,
1095 (1962). T
5C. w. Snyder and M. Neugebauer, Fourth Interna-
tional Space Science Symposium (Cospar), Warsaw,
1963 (unpublished).

8The post-shock gas velocity used is that when the
magnetic field appears to have stabilized to its new
value after the initial pulse has passed.

'W. B. Thompson, An Introduction to Plasma Phys-
ics (Pergamon Press, New York, 1962), p. 92.

8M. Neugebauer, private communication.

TIME-SPACE RESOLVED EXPERIMENTAL DIAGNOSTICS OF THETA-PINCH PLASMA
BY FARADAY ROTATION OF INFRARED He-Ne MASER RADIATION*
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(Received 25 June 1964)

We report an experimental method for time-
space resolved measurements on a dense, ex-
treme-temperature, plasma in a theta pinch by
observation of Faraday rotation of 3.39u infra-
red He-Ne maser radiation. Since the rotation
is proportional to B, this method affords a pow-
erful technique for measuring B in pure, fully
ionized, hydrogenic plasmas as occur in con-
trolled fusion research when electron density »
is determined independently. A unique feature
of the method is the successful utilization of a
low-power (2-mW) CW gas-phase maser to ex-
treme temperature plasma diagnostics. Seven
degrees of rotation along the central axis are
observed at the 3.5-usec, 50000-gauss, peak
field compressing fully ionized deuterium at an
initial electron density of 6x10'®/cm?®, and im-
mersed in a 4500-gauss forward bias field. The
results confirm earlier considerations!’? and ex-
pectations that the coherence, monochromaticity,
and low beam divergence properties of infrared
and optical masers could be effectively utilized
for magnetoplasma diagnostics.

The experimental arrangement, found to be
highly versatile and accurate, is shown in Fig. 1.
2 mW of 3.39pu linearly polarized radiation is
delivered in the output beam of the He-Ne gas-
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FIG. 1. Faraday-rotation arrangement for IR maser
diagnostics of theta-pinch plasma.
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phase maser which utilizes a metal-coated spher-
ical mirror and a silicon flat for the infrared
resonator. A first pair of flat and spherical
mirrors focuses the beam to less than 1-mm
diameter at the center of the theta-pinch plasma
tube. A second pair of flat and spherical mirrors
directs the emerging beam in turn through a
3.39-1IR narrow band pass filter, and iris, and
focuses it onto a polarization analyzer. The sec-
ond spherical mirror provides compensation for
beam refraction that is observed to occur due to
radial electron-density variations.

A time-resolving infrared polarization analy-
zer for the 2- to 4-micron range was developed
for this investigation.® The instrument employs
two Brewster-angle, air-germanium interfaces
positioned such that the parallel and perpendicu-
lar components of the polarized radiation are
directed onto two separate uncooled InAs photo-
voltaic detectors. Angular resolution of approxi-
mately 0.5° for polarization oscillations as high
as 1 Mc/sec is obtained for 0.5 mW into the
analyzer. In this application the analyzer is
positioned at 45° relative to the nonrotated polar-
ization to provide equal intensity onto the detec-
tors. The preamplified detector outputs are both
added and subtracted, with the sum S(¢) and
difference D(¢) simultaneously displayed on the
dual-beam oscilloscope. As Faraday rotation is
effected by the plasma, the angular rotation 6,
is given by

Gr(t) =4arcsin[D@#)/S(t)] (1)

Deuterium is initially fully ionized within the
20-cm length, 5-cm ID, coil by super high-power
50 MW preheating at 1.5 Mc/sec.* A forward or
reverse B, bias field to 10 kG is provided.
magnetic compression is achieved by 3.5-usec
rise to a peak as high as 75 kG.5



