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is an amplitude decay rate rather than a power decay
rate as was assumed in Refs. 2 and 3.

9Expressed in terms of the variables # = (Ap—Ag)/
(ApA+Ag) =0 and v=y1,/(AA-AG) = 0, AZ/A2=3@1+u)
+u[v?+ (v™%/16)(x~%—1)], which has a minimum of unity
foru=1,v<1,

Ysee, for example, N. Bloembergen, Nonlinear Op-
tics (W. A. Benjamin, Inc., New York, 1965), where

a similar problem is discussed involving the Stokes
and anti-Stokes modes in stimulated Raman scattering.
UThe present theory does not take into account the
heating of the plasma by the pump radiation. The heat-
ing rate is slow on the scale of times important for the
parametric excitation process. Thus our “steady state”
may be superimposed upon a secular change in the
electron and ion temperatures.
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We report measurements of enhanced plas-
ma losses caused by collisional drift waves?®
in magnetically confined, thermally ionized
alkali plasmas, based on (a) a density decrease
in the central part and an increase in the outer
part and outside of the plasma column, coin-
cident with the abrupt onset of drift waves,
and (b) correlation of density and plasma-po-
tential oscillations. The enhanced loss, for
a wave amplitude equal to 109 of the zero-or-
der density, is measured to be an order of mag-
nitude larger than the loss due to classical col-
lisional diffusion.

Collisional drift waves can arise in a low-

B plasma (3 =8mp/B?) in the absence of current
as a result of the combined effects of transverse
density gradient, ion inertia, and electron par-
allel thermal motion. Theory?™ indicates that
these “universal” instabilities may cause trans-
verse plasma loss above the lower limit set

by “classical” binary-collision diffusion. How-
ever such a causal relation has not been con-
clusively demonstrated in prior experiments.>~7
The difficulties are identification of the insta-
bility thought to cause the enhanced loss, sep-
aration of the loss due to the instability from
other losses, and lack of a measurement of
local plasma transport due to the instability.

In the present work, the instability is iden-
tified® as a density-gradient—driven collision-
al drift wave by measurements of (a) longitu-
dinal and perpendicular phase velocities and
their dependences on magnetic field and plas-
ma temperature; (b) phase relation between
density and potential oscillations; (c) radial,
azimuthal, and longitudinal wavelengths; and
(d) magnetic-field, plasma-temperature, ion-
mass, and density dependence of mode transi-
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tions. The wave is localized in a region where
Vno/ny>vT/T, i.e., where temperature-gra-
dient—-driven drift waves and wave excitation
due to large radial electric fields are exclud-
ed.

The principal results of this work are obser-
vations of a density reduction (up to 30%) in
the central part and a density increase (up to
6%) in the outer part of the plasma column,
coincident with the abrupt onset of the m =1
azimuthal mode of the collisional drift wave.
This abrupt onset facilitates separation of wave-
enhanced losses from other losses. Onset,
from n,/n,~ 0 to ~0.1, takes place when the
magnetic field is increased by approximately
1% beyond theshold, with all other parameters
constant. The abrupt destabilization to large
amplitude is in agreement with the strong B
dependence of the growth rate near onset, cal-
culated from linearized theory.* Measurements
of the correlation between the coherent densi-
ty and potential oscillations over the radial
extent of the plasma enable us to calculate lo-
cal enhanced fluxes caused by the drift wave
and a local “diffusion coefficient” throughout
the plasma column. Finally, utilizing the con-
tinuity equation together with the feature that
the self-excited wave can be “turned on and
off” abruptly by variation of B, we can compare
the enhanced-loss state with the stable state
in an otherwise unchanged plasma (including
the boundary conditions at the sheath), and show
that the results of our measurements are con-
sistent, i.e., the local loss flux obtained from
wave-parameter measurements accounts for
the measured change in plasma density.

The experimental work was done on the Prince-
ton Q-1 device.® The plasma consists of cesi-
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um or potassium ions produced by surface ion-
ization of atomic beams incident on hot tung-
sten plates (Tp1ate~ 2800°K ~ Tp1a5ma) locat-

ed at both ends of the plasma column, and of
thermionic electrons emitted from the same
plates. The fully ionized plasma (8 <107°
<me/M;) is 3 cm in diameter and 128 cm long.
Electric fields are not applied to the plasma
column, and the thermoelectric voltage between
ionizer (end) plates is maintained below 5 mV
by temperature-balancing the plates. Both the
nearly sinusoidal ion-density and plasma-po-
tential oscillations are detected with Langmuir
probes. The phase angle between density and
potential oscillations is measured by two probes?®:
One determines the ion density oscillation as

a reference and the other displays, successive-
ly, ion density and potential waves.

Measured quantities for a potassium plasma
are given in Fig. 1 Figure 1(a) shows radial
plasma density profiles (zgg,%q,,), for stable
and drift-wave regimes, taken adjacent to on-
set of the m =1 mode. Measurements shown
extend to » =15 mm, equal to the radius of the
end plate. An increase of density in the pres-
ence of drift waves was observed to » =25 mm.
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FIG. 1. Measured quantities versus radius for a po-
tassium plasma at T'=2760°K. (a) Density profiles in
the stable (npg,B=1964 G) and drift-wave regimes
(now,m=1,B=2050 G). (b) Relative amplitude of den-
sity (y/n,) and potential (e@ /kT) oscillation. (c) Phase
angle by which the density wave leads the potential
wave,

Figures 1(b) and 1(c) show the radial amplitude
distribution of density (z,) and potential (¢)
oscillations, and the phase angle y by which

n, leads ¢.

The local radial diffusive flux due to electron-
ion collisions F,_; and the radial flux Fygaye
due to a drift wave of azimuthal mode number
m can be calculated from the data shown in
Fig. 1 according to the following relations (with
standard notation!):

= 2
F,_; —nOnvp/B s (1)
and
w\(t=21/w n E, wmn, @ siny
F == f a1 @)
wave \27)) B =~ 2¥B

Results of the flux calculations are given in
Fig. 2(a). Ion-ion diffusion is of the same or-
der as electron-ion diffusion, but is not includ-
ed in Fig. 2(a) because of the difficulty of its
evaluation from measured density profiles.
Based on the local density-gradient scale
length, a “diffusion coefficient” Dy, o for the
flux associated with the drift wave can be cal-

culated. In Fig. 2(b) this diffusion coefficient is
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FIG. 2. Computed quantities versus radius for con-
ditions of Fig. 1. (a) Radial particle flux due to wave
(Fwave) and electron-ion collisions (Fg_; ¢ ,Fe-i,w)'
(b) Comparison of diffusion coefficients. (c¢) Compari-
son of the change in divergence of radial flux, AF, with
that in effective end-plate recombination loss, An,.

1111



VoLUME 19, NUMBER 19

PHYSICAL REVIEW LETTERS

6 NOVEMBER 1967

compared with values of D.jagsical 204 Dpohm:'
It should be pointed out, however, that the use
of Fick’s law as the basis for the concept of
wave-enhanced diffusion may not be justified."
Therefore, greater significance must be attached
to the wave-enhanced radial flux [Fig. 2(a)]
than to the wave diffusion coefficient.

The consistency of inferred (n1£g) fluxes
and zero-order density changes was examined
by use of the continuity equation for ions. In
the continuity equation for a Q device, the ion
source term S is unaffected by the presence
of a wave for an electron-rich plasma with a
wave amplitude at the sheath much smaller
than sheath voltage. The loss term in the sta-
ble regime is proportional to the density.'®
Thus, for steady state, the continuity equation
is

y8F /oy + F+r(an,=S) =0, (3)

where F is the radial particle flux™ and o =310
sec™! for the experimental conditions of Fig.

1 as determined from measurements of input
flux and density profile in the stable regime.
The changes of flux divergence and loss term
resulting from the presence of the drift wave
can now be calculated:

rB(Fw—Fs)/ar + (Fw—Fs) +ra (now—n )=0, (4)

Os
where subscripts w and s denote drift wave
and stable regimes, respectively, and where
we have assumed that « is unaffected by the
presence of the drift wave, in agreement with
others." The change in the loss term, An,

= ~ralng,—ngs), with wave onset is calculat-
ed and compared with the change in the diver-
gence of radial flux, AF=(1 +ra/ar)(Fw—Fs),
in Fig. 2(c), which shows agreement. This
agreement also indicates that the assumption
regarding the loss term was valid.

The measured enhanced plasma loss due to
the drift wave was found to vary as a function
of magnetic field, density, temperature, and
ion mass similar to the growth rate from lin-
ear theory. Although linearized calculations
are inadequate to predict the large experimen-
tal saturation amplitudes and the #,-¢ phase
angle, previous experiments® and theories!®
considering higher order terms indicate that
the saturation amplitude is proportional to a
power of the growth rate. Also, the present
experiment shows that the phase angle ¥ does
not vary significantly with plasma parameters.
Therefore, the enhanced plasma loss is expect-
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ed to be proportional to a power of the growth
rate, as shown by the experiment.

In conclusion, drift waves give rise to enhanced
radial particle transport. This enhanced loss
is an order of magnitude large than the loss
due to classical collisional diffusion and small-
er than Bohm diffusion for a wave amplitude
of 10%.' The magnitude of the particle loss
is proportional to a power of the growth rate
calculated from linear theory. This implies
that this particular enhanced plasma loss due
to (large-amplitude) collisional drift waves
can be reduced by proper choice of plasma
parameters as ascertained from the growth
rate.

Additional results and data on the observed
plasma losses related to higher modes will
be reported elsewhere.
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We report here some quantitative measure-
ments of resistivity, magnetoresistance, and
magnetization made in dilute CuFe and CuMn
alloys. Our main conclusions are these:

(a) It is possible to determine and separate
out the (normal) positive magnetoresistance
from the negative magnetoresistance of the
impurities.

(b) In both dilute alloys the negative magne-
toresistance varies like H” with » about 1.7-
1.8 for values of the magnetic field # of a few
kilogauss.

(c) Whereas for CuMn a field of 20 kG will
completely alter the logarithmic temperature
dependence of the resistivity (namely creating
a maximum of the resistivity at around 4°K),
the same field will only lower the resistivity
of CuFe by 0.3% at 1.4°K.

(d) At any temperature and magnetic field,
the amplitude of the negative magnetoresistance
varies like the square of the magnetization of

the impurities. This relation is sufficient to
account for the behavior of these two alloys.
and allows us to infer the s-d exchange constant.

Previous studies have been done by numer-
ous workers on more concentrated alloys!:2
or in a limited range of low temperatures® where
these effects are readily observed but difficult
to analyze quantitatively because of the pres-
ence of unknown internal fields arising from
the magnetic interactions between impurities
in concentrated alloys, and the presence of
the large positive magnetoresistance*® in di-
lute alloys. The correlation between negative
magnetoresistance and magnetization was qual-
itatively demonstrated by Schmitt and Jacobs?
on very concentrated alloys exhibiting hyster-
esis effects and was inferred theoretically by
Yosida.®

The CuMn samples were grown as single
crystals in a graphite crucible heated in vac-
uum by induction.” The CuFe 110-ppm sam-

1113



