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though Fig. 1 shows only those frequencies below
350 Hz, the spectrum was investigated to about
50 kHz. We were unable to find anything unusual
in other than the region shown.

The displaced line implies motion at a pre. -
ferred frequency, and our evidence indicates that
this motion is ultimately connected with the active
transport mechanism. It does not necessarily im-
ply a preferred "pump frequency, " however,
since the deformational modes of the cells would
tend to be excited even by a nonfrequency-selec-
tive mechanism.

A more comprehensive description of the ex-
perimental results and their theoretical interpre-
tation is in preparation.

With pleasure we acknowledge helpful discus-
sions with Dr. K. Green of the Wilmer Institute
of The Johns Hopkins Medical Institutions, who
also permitted us the use of his laboratory space
to prepare the samples.
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SIt might be added at this point that hemolyzing the

red blood cells in hypotonic Krebs bicarbonate Ringer
solution (no ATP) resulted in ghosts which yielded a
spectrum very similar to that with the inhibitor pres-
ent in Fig. l. Also red blood cells from a red cell
pack resulted in this type of spectrum.
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We have studied the plasma transport processes in the dc octopole with a toroidal mag-
netic field. The plasma diffusion is characterized by three principal collision-frequency
regimes. The magnitude of the diffusion coefficient shows an inverse-square dependence
on the magnetic field in a11 regimes. In the high-collision-frequency regime, the mea-
sured loca1 diffusion coefficient agrees with Pfirsch-Sch16~er diffusion in both rotational
transform dependence and magnitude. Both for intermediate and low values of collision
frequency, the enhancement of the decay rate agrees with neoclassical theory.

In this paper we shall describe the collisional
transport observed in the dc octopole with a to-
roidal magnetic field. For an account of the
transport with a pure octopole field, the reader
is referred to previous publications. " These

acticles also present the details of the construc-
tion and operation of the device. We remind the
reader that the dc octopole with a toroidal mag-
netic field is an axisymmetric system with a
major radius of 1.4 m. The octopole field is gen-
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crated by six current rings, four of which are
internal to the plasma. The toroidal field is pro-
duced by a 36-turn toroidal coil constructed ex-
ternal to the vacuum tank. The poloidal and to-
roidal fields are independently adjustable. In the
measurements reported here, both fields are on
the order of 100 G. At these fields, diffusion
processes are predominant. Other losses, such
as support losses and losses from recombination,
are insignificant.

The plasma used in these studies is a hydrogen
plasma injected from a coaxial gun. The initial
density is 2 x10" cm '. An influx of neutral hy-
drogen gas from the gun causes the pressure in
the tank to rise from about 1 &10 ' Torr to 1
&&10 ' Torr in 100 msec. The diagnostics are
Langmuir probes and a 3-cm microwave inter-
ferometer for density measurements, and an
optical monochrometer for electron temperature
measurements.

In the current series of measurements, the
basic experimental plan is (1) to observe the
plasma decay over a broad range of collision
frequencies, (2) to determine the dependence of
the decay rate upon the magnetic field strength
and configuration, and (3) to calculate the ex-
perimental value of the local diffusion coefficient
from detailed measurements of plasma density
profiles and decay rates. The experimental re-
sults for the plasma decay are typified by Fig. 1.
Here instantaneous density decay rate 1/~ is
plotted as a function of R,/A, where A, is the
major radius of the device and A is the mean
free path for electron-ion momentum transfer.
The figure is based upon the decay of the Lang-

muir probe current during a single plasma shot.
Only the "late" decay is portrayed, when the
electron temperature is constant at about 0.1
eV. One sees from Fig. 1 that the decay is al-
ways smooth, with no apparent instabilities.
Further, it appears that the decay is character-
ized by three main regimes. In the high —colli-
sion-frequency regime the reciprocal of the den-
sity n is a linear function of t. This mode of de-
cay continues until A becomes comparable to the
machine dimension and the decay becomes ap-
proximately exponential. After further decay
(large A), 1/n again becomes a linear function
of t.

The dependence of the decay rate upon the
magnetic field strength is shown in Fig. 2. Here
the ratio of the poloidal field to the toroidal field
was held constant and the reciprocals of plasma
density are plotted as a function of f/B', where
B is the total magnetic field. With this normal-
ized time axis, almost exactly the same curves
are observed for several different magnetic field
strengths, although only two cases are shown in
Fig. 2. Thus an inverse-square dependence of
the plasma decay rate upon magnetic field strength
is shown in all the regimes of decay.

The magnitude of the diffusion coefficient and
its dependence upon rotational transform ~ were
determined as follows: In the high —collision-
frequency regime, n7 profiles were measured
for several different ratios of poloidal to toroidal
current. Since in this regime 1/n is a linear
function of t for all points in the profile, the
shape of the profile is constant in time and B(n7.)/
Bt =0. Thus one may rewrite the diffusion equa-
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FIG. &. Observed instantaneous decay rate plotted as
a function of Ro/A. Lower curve, behavior in the com-
bined toroidal and poloidal fields; upper curve, result
with poloidal field only.
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FIG. 2. Reciprocals of plasma density plotted as a
function of t/B for the different magnetic field strengths.
Here the difference in B is approximately 6.

1108



VOLUME 28, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1972

f(D/2n)R dX (T,+ T,)
gR dx/B

(2)

where q is the perpendicular electric resistivity
of the plasma and I' is the Pfirsch-Schlater en-
hancement factor. The general formula for the
geometric factor I' is given by Johnson and von
Goeler' as

dx (&dx/B, ')'

& (jdx/B'B, ') ', (3)

where B~ is the toroidal field. Here we have ne-
glected the difference between the perpendicular
and parallel resistivities.

The right-hand side of Eq. (1) is evaluated as a
function of 4 from the experimental n7. profile.
If this value is then divided by the corresponding
Pfirsch-SchlGter factor E, the resulting quotient
is found to be constant for the greater portion of
4' space, as shown in Fig. 3(a), Since both the
magnetic field strength B and tbe rotational
transform g vary with 4, this result confirms
that the measured diffusion coefficient has the B
dependence and g dependence predicted by Pfirsch-
SchlGter theory.

Another check of the ~ dependence of the diffu-
sion coefficient is given in Fig. 3(b). Here the
enhancement of the diffusion is measured for
different ratios of poloidal to toroidal coil cur-
rent. The ratio of the measured diffusion coef-
ficient to the classical diffusion coefficient is
plotted as a function of (2m/c)'. For all cases c

is evaluated at the same position in space. The
dashed line is the Pfirsch-SchlGter enhancement
factor calculated from the Johnson and von Goeler
formula' for geometries of the dc octopole. The
experimental values are indicated by the points
and are in good agreement with the theory.

The theoretical value for the diffusion coef-
ficient may be calculated using Spitzer's formula

tion as

&(D/sn)R'd~ f„[(»)ydx/B„'I de
fR'dX/B' $(R'dX/B') s(»)'/s&'

Here D is the diffusion coefficient, n the density,
B„tbe poloidal field strength, 4 the flux function,
0, the value of the flux function at the separatrix,
X the magnetic potential, and R the local value of
the major radius. If the diffusion is Pfirsch-
SchlGter diffusion, then the left-hand side of Eq.
(1) is

for q with the assumption that T, = T;. The value
of the experimental diffusion coefficient is about

50%%uo greater than tbe theoretical value for a tem-
perature of 0.1 eV. By not maintaining the dis-
tinction between perpendicular and parallel re-
sistivities in our theoretical estimates, we intro-
duce an error of less than 30/0 for the range of

t. values used in this experiment. This is within
experimental errors.

In the low-collision-frequency regime, the plot
of 1/v. versus R,/A approximates a straight line
through the origin. The slope of this line is 2.2

times greater than the slope of the straight line
observed in the high-collision-frequency regime.
This feature strongly suggests neoclassical dif-
fusion. 4 The observed ratio of slopes agrees
with neoclassical theory within experimental
error. The theoretical estimate of the ratio was
made by evaluating the Rutherford formula' for
the dc octopole geometry.

The two transition values of R,/A are also in
agreement with the theory. ' These are the values
of R,/A at the transition from the Pfirsch-Schliit-
er region to the plateau region and at the transi-
tion from the plateau region to the neoclassical
region. The theoretical values were evaluated
for the regions of highest density gradient.

The residual plasma loss at extremely low
densities (R,/A&0. 25) shows an exponential de-
cay. The exponential decay is observed only
when the electron-ion collision frequency be-
comes of the order of the electron-neutral elastic.
collision frequency. Furthermore, the decay
time shows a B' field dependence. Thus the
residual diffusion at extremely low density is due
to elastic collisions between electrons and the
neutral hydrogen gas.

In Fig. 1 we have also plotted the decay ob-
served with no toroidal field. The poloidal field
is the same as thai used in the case with the to-
roidal field on. The decay is in marked contrast
to thai observed with the toroidal field. Only two
regimes of decay are observed. These are a 1/f
decay at high density (classical diffusion) and the
low-density exponential decay due to electron-
neutral scattering. Note that, consistent with
theory, the diffusion is faster than when both
fields are used.

All of the previous discussion has been based
upon data taken late in time by means of Lang-
muir probes. Much earlier in time, however,
the three decay regimes are also seen with the
microwave interferometer. This is because the
high initial temperature of the plasma causes the
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FIG. 3. (a) Values k(D/2n)It 'd)(/[f(R'/B ) dgE], evaluated from the experimental n 7 profile, plotted as a function
of 4. (b) Ratio of measured diffusion coefficient to classical diffusion coefficient plotted as a function of (2x/c),
where & is the rotational transform evaluated at a fixed point in space for various ratios of poloidal to toroidal coil
current. Good agreement is obtained between the measured values (circles) and the calculated values from the
formula by Johnson and von Goeler {dashed line) .

collision frequency to be low, even though the
density is high. The initial ion-neutral and elec-
tron-ion energy exchange times are both on the
order of a few milliseconds and the plasma cools
quickly. Since the mean free path depends upon
the square of the temperature, it sweeps from
the neoclassical to the classical range in about
the first 10 msee. Curves very similar to Fig.
1 have been plotted from microwave data. The
transition values of R,/A agree within experi-
mental error with those determined from the
I angmuir probe data.

The results may be summarized as follows:

Three major regimes of decay are observed. At
high collision frequencies, 1/n is a linear func-
tion of t and the diffusion coefficient is propor-
tional to n. Furthermore, the measured B de-
pendence, I. dependence, and magnitude of the
local diffusion coefficient agree with that pre-
dicted by Pfirsch-Sehluter theory. As the mean
free path approaches a value on the order of the
major radius, the decay becomes nearly exponen-
tial. For a mean free path greater than R„ the
diffusion coefficient again becomes proportional
to n. The enhancement of the diffusion in this
regime is consistent with the predictions of neo-
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classical diffusion theory. Thus the experimental
results are consistent with Pfirsch-ScMuter and
neoclassical diffusion.

The authors wish to thank Dr. Dilip Bhadra for
his help in the computer calculations.
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The polarized (I!!)and depolarized (I&) scattered light intensity by fluctuations of the
order parameter Q near the isotropic-nematic phase transition of para-methoxybenzyli-
dene para-n-butylaniline has been measured as a function of the scattering angle over a
range of temperatures above the phase-transition temperature 7& by means of two differ-
ent incident wavelengths. Our results are in excellent agreement with the phenomenologi-
cal theory of de Gennes. We also find the elastic constants L

~ »&2 while L
~ depends upon

temperature.

Potential applications of room-temperature
nematic liquid crystals for electronic informa-
tion display systems have stimulated the study
of electrical properties and scattering behavior
of para-methoxybenzylidene para-n-butylaniline
(MBBA) which has an isotropic-nematic phase
transition temperature T~ ranging from 41- 47'C,
depending upon impurities. Dielectric and resis-
tivity anisotropy, ' and anisotropic ultrasonic
properties' of MBBA have been reported. Jones,
Creagh, and Lu" have studied the dynamic scat-
tering' characteristics of MBBA, while Litster
and his co-workers have investigated the intensi-
ty and spectrum of scattered light in the nematic'
as well as the isotropic phase. " However, Stin-
son," Litster, "o and Clark' failed to observe
the angular anisotropy of scattered intensity for
MBBA. In this Letter we report the results of
an experimental study of the angular dependence
of the intensity of light scattered by fluctuations
of the order parameter" Q in the isotropic phase

1
Qns ~as 35us~yy i (2)

where n, P, and y are the indices referring to
the laboratory frame. Q tj is a symmetric, trace-
less, second-rank tensor.

Near the isotropic-nematic phase transitions
we assume that the free energy + per unit volume
can be expanded in a Landau"-type power series
in the order parameter,

of MBBA.
For a system of rodlike molecules, the natural

scalar order parameter S in a nematic phase is"
S= a (3 cos |) —1),

where 6! is the a,ngle between the long axis of a
molecule and the local nematic optic axis. It is,
however, preferable to define the amount of or-
der from a macroscopic property, independent
of any assumption on the rigidity of the mole-
cules. An appropriate order parameter may be
taken as the anisotropic part of the dielectric ten-
Sor & 8,

=ED+ 2AQ~sQs„—3BQ~sQsrQl, ~+0(Q )+-,'L, (8~Qsy)(8~Qsy)+ —
2L( ~8„Q)(y8sQys) +~ ~

where 4 and & are temperature-dependent coef-
ficients, 8„=8/8n, L, and L, are the elastic con-
stants in the isotropic phase, and repeated indi-
ces are summed. The coefficient 4 is expected
to be small near the isotropic-nematic phase-
transition temperature and has the form A(T)

=A,e&, with e = (T —T*)/T*, T~ being a tempera-
ture slightly below T~, and y a "critical" expo-
nent. According to the mean field theory of
Maier and Saupe, y = 1." Detailed discussions
of these coefficients have been described else-


