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1. STABILITY OF ELECTRON BEAMS WITH VELOCITY SHEAR

We have expanded our study of cold, slab electron beams that are focused by infinite
longitudinal magnetic fields to encompass the step velocity profile case. Throughout,
we assume that Z is a constant independent of the cross-sectional position x. Further-
more, we have worked in a frame of reference in which the average electron velocity is
zero. The complete geometry is illustrated in Fig, IX-1.

It is obvious at the outset that this case is closely analogous to the familiar "two-
stream" instability, and hence we might expect similar results. In particular, in the
long-wavelength limit, with zero potential walls far from the stream edges, the poten-
tial will be essentially constant across the stream and hence the two streams will not
be able "to tell" whether they are adjacent or intermixed.

This problem was studied in 1963 by Harrison and Stringer.l They concluded that
these profiles are unstable for large enough velocity differences, but their instability
conditions are quite different from ours because theirs are independent of stream
width,

In general, for arbitrary velocity and density profiles, the potential is the solution

of the differential equation2

2
2 w (x)
i;_k2¢+_—p—2¢= , (1)
dx [u—vz(x)]

where we assumed solutions of the form &(x) exp(i(wt-kz)), and u = w/k is the phase
velocity. To test for instability, we assume that k is real and look for w (or u) with
negative imaginary parts. In each region of the beam the solution is sinusoidal,

and hence we may easily derive a determinantal equation by forcing ¢ and de/dx

£
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Fig. IX-1, Geometry of the step-beam.

to be continuous at the interfaces. We have found the equations for two particular

cases.
I. Zero-Potential Walls at the Beam Edges

D(u, k) = (kX a) cos (kX a) sin (kxza) + (kxza) cos (kX a) sin (k_,a). (2)

1 1 2 x1

II. Zero Potential Walls at x = +

D(u, k) = k_,a[(ka) sin (k_,a) + (k_,a) cos (kxza)][(kxla) sin (k_,a) - (ka) cos (k_,a)]

X

+ k,a[(ka) sin (k_,a) + (k_, a) cos (kxla)][(kx a) sin (k_,a) - (ka) cos (kxza)],

(3)

2 2

where
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The roots of these equations yield the values of u and k that can exist on the beam.
The task of finding the complex roots of these equations is performed by a digital

computer, Fortunately, we can prove that all of the unstable roots of D(u, k) must lie
on or in the semicircle in the lower half u-plane defined by

1 2 2 1 2
-= < |= -v__.
[ur 2 (Vmax+vmin)J * i [2 (Vmax me)] ’ (4)
as is illustrated in Fig.IX-2. The minimum and maximum electron velocities in the

beam arev__. and v . The proof of this is patterned after a similar fluid mechanics
min max

”imoginory

u—plane
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Fig.IX-2, Geometry of the semicircle theorem.

theorem.3 It consists in multiplying Eq. 1 by ¢>* and integrating from wall to wall.
Manipulating the real and imaginary parts of the resulting equation yields the desired
result.

Since the roots of D(u, k) must lie in a restricted portion of the u-plane, we can use
a Cauchy integral technique to find the locations of all roots in this region. This tech-
nique, formulated by J. E. McCune and B. D. Fried,4 uses the fact that

P

N !

b b1 21 (z)
}-nizi—Zp.z.=§—w—i— dz b=20,1,2,3,... < o, (5)
2 = 13 & £(z)

1=

—
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where C is any simple, closed curve of finite length in the z-plane enclosing N zeros z;
of order n. and P poles Zj of order p.. For instance, if b = 0, the left-hand side of

Eq. 5 yields N-P; if b= 1, it yields = n.z, - p2 pjzj’ and so forth. These equations
i ,

may be solved simultaneously to find the orders of the poles and zeros and their loca-
tions.

The program for calculating this complex line integral was written by James D.
Callen5 and was used successfully in the present study. As is to be expected from anal-
ogy with the two-stream situation, the onset of unstable roots occurs for the real part
of u = 0. Figures IX-3 and IX-4 are plots of the imaginary part of u/wpa against Av/wpa.
Only those roots with real (u) = 0 are shown. Also shown are the total number of roots
in each range of Av/wpa, those not shown being complex and lying inside the semicircle,
In Figs.IX-5 and IX-6,we show normalized w-k diagrams for fixed Av/wpa. All modes
are stabilized for large enough ka.

The case with walls at the beam edge shows a definite lower density limit below

which the instability ceases. On the other hand, when the walls are moved to infinity,
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Fig.IX-3. —ui/wpa vs Av/wpa for the step beam with walls at edges

for ka = 0. (Only purely imaginary roots are shown.)
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Fig. IX-4. —ui/wpa Vs Av/wpa for the step beam with walls at infinity

for ka = 0. (Only purely imaginary roots are shown.)

a mode persists even down to zero density for which U, = -Av, Figures IX-7 and IX-8
show the analogous case for the conventional interstreaming-beam situation where
the number of electrons traveling at each velocity has been maintained for compar-
ison purposes. There is fairly close agreement between the adjacent beam and inter-
streaming beam cases, except that the adjacent beam case has some complex roots that
do not occur in the conventional two-stream case. All plots have their maximum
value of lui] when k = 0. Furthermore, as k is increased, the various modes are
stabilized,

The onset of instability for each mode can easily be predicted because, for u =0,

2
pra
k .=k _= ( ) - (ka)z. Also, assume ka = 0, In these limits, Egs. 2 and 3
x1 X2 AV
both become
2w a 2w a
D(u, k) = cos ay ) st \ g /- (6)

Thus, the neutral k = 0 modes occur when
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Fig. IX-5. —wi/mp vs ka for the step beam with walls at
edge for Av/wpa = 0,90,

0.06 —
0.05 —
0.04
w, 003 —
002 —

ol —

0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6

Fig. IX-6. —wi/wp vs ka for the step beam with walls at infinity
for Av/wpa = 0,52, (Only the purely imaginary root

is shown.)

97 74



0.6 —

014 |
012
0l0
Y 008

0.06 |~

0.04 +—

0.02 —

o] O.1 0.2 03 04 05 06 o7 0.8 0.9 1.0
Av

OJDG

Fig. IX-7. ,—ui/wpa vs Av/w_a for the interstreaming beam with walls at
edges for ka=0. u_ = (V1+V2)/2.
08

07 =
06 —
05 [~
s
03 |-

02—

\ | | | l \ I [ ]
0] Ol 0.2 03 04 05 06 o7 0.8 09 1.0 Il .2
Av

mpCI

Fig. IX-8. —ui/wpa Vs Av/oopa for the interstreaming beam with walls at
infinity for ka = 0.

QPR No. 97 75



(IX. APPLIED PLASMA RESEARCH)

av o 2 n=1,23,.... (7)
1%

In conclusion, we find that the adjacent-stream case exhibits a two-stream instability
that is very similar to the conventional interspersed-stream case. When zero-potential
walls are at the beam edges, there is a definite onset of instability at wpa = nAv/4. The
minimum density case occurs at k = 0. If the walls are at infinity, there is a mode that
does not exhibit a density threshold. Contrary to the interspersed case, there are com-
plex (not pure imaginary) values of w for real k in addition to the pure imaginary values
shown here,

J. A, Rome, R. J. Briggs

References

1. E. R. Harrison and T. E. Stringer, "Longitudinal Electrostatic Oscillations in
Velocity-Gradient Plasmas. II. The Adjacent-Stream Mode," Proc. Phys. Soc.
(London) 82, 700 (1963).

2. R. J. Briggs and J. A. Rome, "Stability of Electron Beams with Velocity Shear,"
Quarterly Progress Report No. 90, Research Laboratory of Electronics, M.I1.T.,
July 15, 1968, pp. 106-107.

3. P. G. Drazin and L. N. Howard, "Hydrodynamic Stability of Parallel Flow of Invis-
cid Fluid," Advances in Applied Mechanics 9, 62 (1966).

4. J. E. McCune and B. D. Fried, "The Cauchy-Integral Root-Finding Method and the
Plasma 'Loss-Cone' Instability," Report CSRTR-67-1, Center for Space Research,
M.I.T., January 1967,

5. J. D. Callen, "Absolute and Convective Microinstabilities of a Magnetized Plasma,"
Report CSR TR-68-3, Center for Space Research, M.I.T., April 1968.

QPR No. 97 76



IX. APPLIED PLASMA RESEARCH
B. Plasma Effects in Solids

Academic and Research Staff

Prof. A. Bers
Prof. G. Bekefi
Dr. E. V. George

Graduate Students

R. N. Wallace

1. MODEL FOR THE MICROWAVE EMISSION FROM THE
BULK OF n-TYPE InSb

Our recent experiments on the microwave noise emission from the bulk of n-type
InSb at 77°K in applied crossed electric and magnetic fields show two important fea-
tureslz (a) the emission originates from localized regions of the material; and (b) the
thresholds of electric and magnetic fields are higher than those found in samples with
"bad" contacts.z From these results, we conjecture that the emission is related to
inhomogeneities in the material. Metallurgical studies3 show that in most InSb crystals
inhomogeneities in the impurity density occur in 1-10 p regions. The detailed nature
of these inhomogeneities is unknown, but it is clear that the electric field in regions of
lower electron density would be higher (perhaps by a factor of 2-4) than the average
applied field. Furthermore, as we shall show, in the presence of a transverse magnetic
field the rate at which electrons gain energy from the electric field is also enhanced.
Taken together, these two effects predict that a fraction of the current will produce
charge multiplication in localized regions, and we can compute the resultant shot-noise
generated. We shall summarize the analytical results of this model and compare them

with our observations.

Energy Gained by Electrons in Crossed Eleciric

and Magnetic Fields

This problem has been treated in the past phenomenologically for predicting total-
current breakdown in a strong Hall electric field.4 Our interest is in a more detailed
description of the electron energy gained from the total electric field (applied field and
Hall field), since only a small fraction of the current is considered to produce break-
down. Hence we start with the time-independent Boltzmann equation for the electron

distribution function f(;, E,ﬁ) in electric and magnetic fields E and E,

“This work was supported by the National Science Foundation (Grant GK-10472).
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(E+VXB) - Vf=- LI (1)

m (€) T(€)

where we have assumed a relaxation-time approximation for the collisions and (¢€)
energy-dependent effective mass m" and relaxation time . We separate f into its

isotropic and anisotropic parts

f=fi+fa (2)

from which the current is given by
zfv
a
v
=1
i
\4

J=en

(3)

where n is the electron density. Substituting Eq. 2 in Eq. 1, we can solve for fa in

terms5 of fi

df,  (E+ T; X E)

f :—eT—v‘———< N (4)
1+<,oc‘r>

where we have assumed that E is perpendicular to B and the anisotropic part of
(E va ) is negligible, and have written BC =§e/m"~. Using Eq. 4 in Eq. 3, and letting
B _B,E=1E +1E,wefind

B
2

5 T/m w0, T /m

Jx=en — 53 X_ — 33 E (5)
1+<.o‘r L+ T v
2

5 w‘r/m T/m .
J =en (6)
y l+w(2:T2 1+wT2

where the brackets indicate the following average over the energy distribution function

Tz

(x)= < : "

Consider now that the applied electric field E_, is in the x direction, and the

geometry is one of zero Hall current, Jy = 0. The Hall electric field is then given by
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W Tz/m
1+ w 2 2
c
T/m

1+ 14 ol
wCT

I

_¢HEO' (8)

Our interest is to determine the energy gained by an electron of a particular energy
from both the applied and Hall electric fields. The "drift" velocity of an electron of a
particular energy, v(¢), may be found from Eqs. 5 and 6 by dividing them by (en) and
removing the brackets. Then, using Eq. 8 for Ey, the power input to an electron of a
particular energy is

Pile) =e T(e) E

I

2
2 1+
e’T H

sk ZZE (9)

m 1+w‘r

where v and m  are energy-dependent.

Charge-Multiplication and Shot-Noise Generation

In order to determine the conditions for the onset of local breakdown, we must com-
pare the energy-gain rate of Eq. 9 with the energy-loss rate. The energy-loss rate to
optical phonons is given by ﬁwo/re, where W is the optical phonon frequency, and Te is
the electron energy relaxation time. An electron starting from an energy € may gain
energy and produce an ionizing collision, provided PI exceeds ﬁ“’o/Te for energies
from € to above the energy gap eg.

FigureIX-9 is a plot of the normalized energy gain and loss rates, PI/E2 and
ﬁwO/TeEZ, as a function of electron energy. In making Zhis plot, we have used known
data for the variation of the effective mass with energy,  and theoretical formulas for
the electron momentum and energy scattering times in interactions with optical pho-

ons.7 An average momentum scattering time of 4 X lO—12

s, deduced from the low-field
electron mobility, was used for electron energies less than ﬁwo. We note that for suf-
ficiently small values of E and B, no electrons satisfy the condition Py >ﬁ‘*’o/Te' As
E and B0 are increased, PI eventually exceeds ﬁwo/re for energies from some value
€, < Eg through energies above € . The fraction of the electrons having energy greater

than €, can gain energy from the total electric field to produce ionizing collisions. This
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"ionizing fraction,"” F, of the electron population can be computed by assuming an

appropriate Maxwellian distribution, which we shall describe,
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Fig. 1X-9, Normalized energy gain and loss rates per electron as a function
of the electron energy in optical phonon units for various values
of E and Bo' (E is the local value of the applied electric field.)

The conditions in a typical inhomogeneity region of an InSb crystal are then
considered. From the known order of length of the inhomogeneity region we find
that each electron in the "ionizing fraction" creates, on the average, one additional
electron-hole pair. These generated carriers give rise to a shot-noise-producing
current which is approximately FIO, where IO is the drift current in the sample.8
The inhomogeneity region can then be thought of as a localized microwave cur-
rent source of rms value [ZeFIO(Af)]1 2, where Af is the receiver bandwidth. In
oure}-{periments,1 this localized current source, together with the loop sample
forms a driven antenna system that excites the eccentric transmission line. The
power coupled from this "antenna" to the eccentric transmission line can then

be computed directly.
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Comparison with Experiment

The power delivered to the receiver is proportional to UET .Ta dA | 2, where ET is
the magnetic field mode function for our eccentric transmission line, A is the cross
section of the line, and Ea is the microwave current density distribution on the loop
sample as determined above. From this, we can calculate the output power as a func-
tion of sample rotation and compare with our experimental results.1 This is shown in

Fig.I1X-10 for a sample that showed a marked variation in output with sample rotation.
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Fig, IX-10. Comparison of theoretical and experimental variation of
microwave power with sample rotation, with Bo perpen-

dicular to the sample plane. Frequency = 9 GHz.

We conclude that our model of a localized source is indeed supported by experiment.

We next turn to a more detailed test of our model in which we seek to predict the
observed EO-BO threshold curve and the output power at threshold (Fig, IX-11). The
two principal unknowns in our model are the electric field in the inhomogeneity region
(which may be M times larger than the nominal applied field Eo) and the electron energy
distribution function. The first affects the actual electric field (Eq. 9) and the second
enters into ¢H’ both then determining €, (Fig. 1X-9) and thus the BO vs Eo dependence
of the ionizing fraction F. We shall initially assume that M is in the range 2-4, and
that the electron distribution function is a two-temperature Maxwellian with different
temperatures above and below the optical phonon energy.9 The electrons in the main
body of the distribution (€ < Hwo) essentially determine ¢H, while the electrons in the
high-energy tail (e > ﬁwo) will affect the detailed magnitude of F. When acoustic phonon

scattering determines the main body of the distribution function, it can be shown5 that
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in moderately high electric and magnetic fields (}J.E/Va »w T, » 1, where vy and T, are
the acoustic velocity and scattering time) the isotropic part of this distribution, fi, is
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Fig. IX-11. Experimental values (dots) of electric and magnetic
field required to maintain a constant threshold (min-
imum detectable) emission level equivalent to that of
a thermal source of 0.5-1.0 X 103°K at 9.0 GHz. The

theoretical model with ¢H ~ E;l predicts the observed

threshold fields and gives the observed emission power
level if the electron distribution tail temperature varies
as E .

o

approximately Maxwellian with an electron temperature that increases as Eg. Adopting
this for electrons below the optical phonon energy leads to ¢H ~ E;l. We can then deter-
mine the tail temperature which gives the output power level observed on the threshold
curve (Fig, IX-11). We find a tail temperature that increases approximately as Eo’ and
hence remains at a lower temperature than the main body of electrons.10 Our calcula-
tions show that the predicted threshold field variation is essentially the same for a range
of M¢Ho,ll where ¢Ho = ¢H (EO ~ 0), and hence the precise value of M need not be
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known. Further knowledge of the electron distribution function with applied fields

would, however, provide additional means for testing our model.
A. Bers, R, N. Wallace
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1. ELECTRON CYCLOTRON RESONANCE HEATED PLASMA
IN A LEVITRON

We shall report on an investigation of the stability of an electron cyclotron resonance
heated plasma in a levitron, shown schematically in Fig. IX-12, Heating was accom-
plished with a 1-MW, 10-ps pulse of microwaves with frequency approximately 2. 8 GHz
(S-band). The poloidal magnetic field was produced by discharging a capacitor bank into
a circular coil, which entered the chamber through port N2, The toroidal field was cre-

ated by discharging a capacitor bank through several turns of wire inside a longitudinal

r NTON2 l N3 "*

If il Ir l| I il

vy [7]

I

O

Y 71 MICROWAVE HORN 19 Bl Fig, IX-12, Schematic of the levitron
showing labeling of ports.

19.7 cm

]

24.2cm

bar that entered at ports El1 and W1 and passed perpendicularly through the center
of the coil. The toroidal field affected the shear, or twist, of the magnetic field lines.
Electron-cyclotron heating occurred on a range of surfaces about the 1-kG surface,

which formed a torus around the poloidal magnet. The diagnostics utilized included a

%k
This work is supported by the National Science Foundation (Grant GK-10472).
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phototube, single and double probes, and 8 wall-loss probes situated symmetrically in

the plane of the poloidal coil, 1.0 cm off the wall, as shown in Fig., IX-13,

MICROWAVE
HORN

POLOIDAL

PORT N2

POLOIDAL MAGNET
MECHANICAL SUPPORT
AND CURRENT LEADS

PORT $2

LP7 ,—#18 WIRE

TEFLON TUBING

VACUUM
PUMPS

Fig. IX-13, Positioning and labeling of wall-loss probes.

The magnetic configuration of the levitron was proposed by Lehnert, in 1958.1
Levitren experiments, principally at the Lawrence Radiation Labora‘cory2 and at the
Culham Laboratory,3 have produced plasmas with densities of from 1010 to 1012 cm_3,
with electron temperatures of 1-30 eV, and with energy decay times typically of 5-30
times the Bohm time, A similar device, the spherator,4 is in operation at the Plasma

Physics Laboratory, Princeton University.

Basic Plasma Properties

a. Microwave Heating

The microwaves were triggered at the peak of the magnetic current. The magnetic
field decayed approximately 4% during the lifetime of the plasma. The 10-ps micro-
wave pulse ionized and heated the gas in the chamber, typically Hydrogen or Argon at
pressures of '"10_5 Torr. The dispersion relation for electromagnetic waves propa-
gating in a plasma in the absence of a magnetic field predicts total reflection of the
microwaves when the gas has been ionized to the extent that the electron density is such
that the plasma frequency exceeds the microwave frequency. This corresponds to a

density of 9 X 1010 cm_3. This dispersion relation was modified by the presence of the
magnetic field and by the geometry of the levitron., The reflection phenomena was qual-

itatively observed on the reverse microwave power monitor,
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of heating, At a neutral-particle pressure of ~9 X 10_6 Torr, the electron tempera-

ture was 120 eV at densities of 1 X 1010 cm3. This represents 2% ionization. Argon
plasmas were hotter and denser. An electron temperature of 100 eV and density of

~1x10M cm™ att = 20 us were achieved at a neutral-particle pressure of 4%107° Torr,

At a neutral pressure of 8 X 10—6 Torr, the electron temperature was 135 eV at

~1 x 10' em™3,

Several density profiles were measured. Figure IX-15 shows a density profile mea-
sured from the toroidal magnet out to the inner radius of the poloidal magnet, and from
the outer radius of the poloidal magnet to the wall-loss probes that were grounded to act

as limiters. The longitudinal profile was measured from the surface of the poloidal

1.0 — POLOIDAL MAGNET —ef
0.5 —
- LONGITUDINAL
ol— TOROIDAL MAGNET — |1.+| ——
0.6 1.2 1.8 2.4 3.0
cm - LIMITER
— WALL
1.0
0.5 . RADIAL
o I L+
0 1 2 3 4 5 6 1 7 8 9 10
1kG 1kG

cm

Fig. IX-15. Radial and longitudinal density profile. Hydrogen,
4.3%107° Torr. Ip = 6000 A. I = 1000 A. t = 15 ps.

magnet outward in a direction perpendicular to the plane of the poloidal magnet. The
density gradients were observed to be of the order of 1 cm near the poloidal magnet, and
0.5 cm near the toroidal magnet.

The plasma floating potential was measured with a high input impedance, wide-
bandwidth amplifier, For a Hydrogen plasma with a neutral-particle pressure of 4.3 X
lO_5 Torr, the floating potential within the poloidal coil typically rose to 15 V positive
at t = 6-8 ps as electrons were lost. As the electron loss rate changed, the floating
potential declined to 10-15 V negative at t = 15 ps, and then decayed to zero. At the
wall-loss probes, the floating potential typically rose to 8 V positive at t = 1 us, dropped
to 5 V negative at t = 2 us, rose to 10 V positive at t = 6 us, and then decayed to zero

with a time constant of 40-60 ps,

QPR No. 97 87



(IX. APPLIED PLASMA RESEARCH)

Experimental Observations

a. Asymmetries

Asymmetries were noted in the plasma floating potential and plasma density in the
vicinity of the poloidal coil support. The ion saturation current was measured using the
wall-loss probes, and found to be isotropic except at the probes just above (LP4) and
below (LP5) the poloidal support, At a neutral-particle pressure of 4.3 X 10—5 Torr
of Hydrogen and at high values of shear, the plasma density was higher above the sup-
port and lower below the support than that measured at the other wall-loss probes. The
density ratio of above the support to below the support was 1.8. At lower values of
shear, the density above the support decreased, though it was still above normal, while
the density below the support increased to values above normal. The density ratio
declined to 1.1. Figure IX-16 shows the ion saturation current as measured at the LP2,
LP4, and LP5 wall-loss probes. The floating potential was significantly higher as mea-
sured with LP4 than with LLP5, as shown in Fig, IX-16b, The potential at LP5 was essen-
tially the same as that measured at the probes far from the support. The potential at
LP4 remains at 15 V positive from t = 15 to t = 45 ps. This is 5-10 V higher than at
LP5. The floating potential at LP3 was similar to that at LP4, thereby indicating that
the extent of the potential perturbation was ~10 cm above the support,

Insertion of a Langmuir probe through port S2 was observed to reduce the floating
potential by approximately 20% at LP1 and to have no effect on LPS8.

The presence of the poloidal support could have caused a density gradient along mag-
netic field lines. As the isobaric surfaces would no longer coincide with the magnetic
surfaces, an electric field could exist. The E X B drift can result in plafngagloss across

magnetic field lines. This phenomenon is known as convective cell loss.

b. Oscillations

The levitron plasma was free of large-amplitude oscillations. The normalized
amplitude was generally well under 10%, except during microwave heating, when the
single-probe measurements oscillated violently. Figure IX-17a shows ion saturation
current inside of the poloidal coil. The oscillations during heating were ~1 MHz.

Oscillations were observed in the afterglow using the double floating probe. Fig-
ure IX-17b and IX-17¢c shows the probe current for bias voltage of 10 and 30 V, respec-
tively, at a neutral pressure of 4,3 X 10_5 Torr of Hydrogen. The oscillations were
300-500 kHz. Figure IX-17d shows the probe current for a bias voltage of 60 V at a neu-
tral pressure of 4.2 X 10_5 Torr of Argon. The oscillations were 800-1000 kHz. The
double probe was situated within the poloidal ring, 1.0 cm from the coil surface.

These oscillations in the afterglow could not be explained by cyclotron waves. The

ion-cyclotron frequencies were typically ~500-2000 kHz for Hydrogen and 10-60 kHz for
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where A is the diffusion length., With a density gradient of ~1.0 cm as the diffusion

5

length, the Bohm time for the Hydrogen plasma at 4.3 X 107 ° Torr was approximately

3 ps. For the Argon and lower pressure Hydrogen plasma with higher electron tem-

perature, the Bohm time was approximately 1 ps.

Table IX-1. Decay times. Ip = 6000 A, It = 1000 A,
Hydrogen Argon
(Torr) (Torr)
. . -5 -6 -5 -6
Diagnostic 4,3 X 10 8.6 X 10 4,2 X 10 8.4 X 10
(ps) (ks) (ks) (ps)
Density decay: 45 30 30 30
double floating probe
Density decay: 27 (a)
single probe
Light emission decay: 67 75 70 55
phototube
Ion saturation current decay: 20 (b) 17 48
wall-loss probes
Floating potential decay: 55 55
wall-loss probes
Floating potential decay: 100 (c)
single probe
Bohm time 3 1 1 1

(a) Ip: 15,000 A, I =4000 A, p =6.4 X 107° Torr.

(b) Ip: 12,000 A,

(c) Situated 1.0 c¢m from the outer radius of the poloidal coil.

If the sole source of particle loss were due to the interception of particle orbits by
the poloidal coil support, the plasma decay time would have been: Ty = nV/2(nAv/4),
where nV is the total number of ions, and nAv/4 was the arrival rate of the slower par-
ticle, the ions, at velocity v, onto one side of the support of cross-sectional area A.

The average ion arrival velocity was given by (81«:Te/1-rmi)l/2

Thus we find T = 30 ps
for Hydrogen at 4.3 X 1072 Torr.

In view of the magnitudes of the support loss time and of the ion saturation current
decay time at the wall-loss probes, the plasma appears to have been lost during heating
and immediately thereafter across magnetic field lines to the walls, but after the break
in time constants the plasma loss was mainly to the support,

A. S. Ratner, R. A. Blanken
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QUIESCENT RADIOFREQUENCY PLASMA EXPERIMENT

A steady-state collisionless plasma with a low level of turbulence has been generated
in a solenoidal geometry using a Lisitano coil. Electron density varies from 0.1 to 2.0 X
10! cm—3, and electron temperature from 3 eV to 10 eV, depending on the radial posi-
tion and the coupled RF power. At an operating pressure of 10_5 Torr both electrons
and ions are collisionless with respect to the neutrals (wcTi, en » 1). For low-frequency
long-wavelength instabilities such as drift waves (small kH), the high density case is
near the electron-ion collisional threshold (wdTei = 1), while for the lower density case
the plasma is collisionless (wdTei » 1). Low-frequency turbulence (0-30 kHz) is peaked
at the plasma edge similarly to edge oscillations found in Q-machines. The amplitude,
coherence, and frequency spectrum can be varied to some extent with end-plate biasing.
These plasma characteristics are suitable for studying turbulence and transport phenom-

ena,

System

A schematic diagram of the system is shown in Fig. IX-19. It is a modified form
of the HCD-III which was used by D. J. Rose and J. C. Woo.1 The stainless-steel
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vacuum can (14.6 cm ID) has been lengthened to 350 cm and two diffusion pumps and
magnets have been added. The system can now be operated either as a mirror machine

or as a solenoid with magnetic field variable from 0 to 3.5 kG in any section. Since the
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Fig, IX-19. Schematic of the system.,

operation of the Lisitano coil is based on electron-cyclotron resonance heating (ECR)

the regulation of the mirror fields has been improved to 0.5%. Neutral pressure is con-
trolled with double baffles of 5-cm aperture, and a third baffle can be installed for oper-
ation with a coil at the other mirror. Neutrals are introduced into the coil region by a

variable flow gas feed and are trapped in the coil region by the baffles.

Coil Design

A schematic diagram of the coil is shown in Fig., IX-20. The design is similar to

2-4 The coil can be visualized as a slotted microwave antenna

those used by Lisitano.
folded onto a conducting metal cylinder so that the electric field across the slot lies in

a plane perpendicular to the coil axis. A conducting cylindrical shield is placed concen-
trically over the slotted cylinder to prevent outward radial power loss. With the shield
installed, power can radiate only as TE or TM modes inside the slotted cylinder. By
choosing the radius sufficiently small, these modes are cut off and only an evanescent
field can exist in the coil. One end of the slot is made one-quarter wavelength long to
isolate the end from the power feed. The rest of the slot, which is folded onto the coil
and couples energy into the plasma, is made a nonintegral number of half-wavelengths
long to avoid an impedance mismatch where the power is fed into the coil. RF power at
3 GHz is coupled through the shield to the slot as shown in Fig. IX-20. For ECR heating,

a 1-kG field in the slot region is necessary. The 0,5% regulation of the magnetic field
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Fig, IX-20. Schematic of the coil.

is sufficient if the coil is operated in a small magnetic field gradient. If the field is too
flat, erratic operation is incurred and more regulation is needed.

By constructing the coil with both ends open, magnetic field lines passing through the
coil aperture will also pass through the end plates, thereby ensuring good contact
between the end plates and the plasma. This was found to be important for turbulence
control,

Density is limited by electron shielding of the coil slots. For a resonant magnetic

field, this corresponds to the upper hybrid cutoff condition, that is,

(1)

0 = N(N+1) o,
p ce

where N is the harmonic number wRF/wce' For the first harmonic this corresponds to
a density of 2,2 X 10t em™.

An indication of the effect of ECR heating on the electron distribution function can
be made by calculating the perpendicular energy gained by an electron making a single
pass through the resonance region of the coil, An electron with temperature T at an
angle Go to the magnetic field will undergo heating for an effective correlation time
determined by the temperature, the RF source bandwidth, and the field gradient. The

heating width of the resonant region can be related to the source bandwidth and field
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RF _ AB _ Ax
T ?
RF B
where XB is the magnetic field scale length (B %%) It follows that the correlation
time is
.= AxX ) (3)
Vi (8. 1)
and the change in perpendicular energy of an electron for a single transit through the

100

AW (eV)

0° 20° 60° 80°

Fig, IX-21. AW vs 80 for various elec-

tron temperatures.
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coil will be (in eV)

2
ek >

Zm‘r.

AW(T, eo) = Eivi(eo’ T) v + (4)
For the magnetic field, slot width, and
applied power used in our system, a typ-
ical electron will receive the energy change
(in eV)

1

— (5)
2T (cos 8 )
o]

AW(T,8 ) =tan 6+
o o}

which is plotted in Fig., IX-21.

It follows from Fig, IX-21 that the
energy gained is only a few eV for a typ-
ical particle, while a small population of
electrons receive over 100 eV. Since the
ion saturation current collected by a cold
spherical probe is several orders of mag-
nitude less than electron saturation cur-
rent, these hot electrons may introduce
errors in floating-potential measurements,
For our plasma, this population should be
small, since electrons are axially trapped
in the plasma column by the sheaths at the
end plates. The hottest electrons should
scatter in angle off the background neutrals
All

particles will scatter in angle off the neu-

and escape through the end sheaths.

trals, but only the very hot electrons can
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pass through the sheath potential. Since the ions migrate slowly to the end sheaths, the
electrons are contained for a period much longer than the electron-electron thermaliza-
tion time. It is concluded that most electrons that are trapped in the column should have
a Maxwellian distribution, This was verified with probe characteristic curves, At low
density, however, where the thermalization time is long, current collecting probes had

to be biased at ¢ probe/Te =~ 20 to obtain good results for ion saturation current,.

Plasma Properties

A cylindrical plasma column, 350 cm long and 3-4 cm in diameter, was formed by
coupling 3-20 W of RF power to the plasma, The gas was Argon at a pressure of 3-7 X
107* Torr in the coil region and 0, 6-1.5 X 107> Torr in the baffled region, For these
pressure ranges, the general properties were insensitive to small changes in neutral
pressure. By varying the coupled power to the plasma (incident minus reflected power)
the density was varied over an order of magnitude as shown in Fig, IX-22,

Spherical probes with a radius of 0.57 mm were used to measure density and tem-
perature. Since the ion Larmor radius is much larger than the probe radius, collision-
less probe theory was used.6’ !

A typical density profile is shown in Fig, IX-23 for 12 W of power coupled to the
plasma. The radial density profile was found to be insensitive to coupled power and
changed only in magnitude. The profile appears to be radially limited by the coil inner
radius (1.25 cm).

Electron temperatures for 12 W and 5 W power yield similar radial profiles
(Figs. IX-24 and IX-25); however, more efficient electron-ion thermalization at higher
densities results in a lower electron temperature for 12 W, The ion temperature is sen-
sitive to the ratio of electron-to-neutral density and is expected to be approximately
0.4 eV for our experiment.5 It is of interest that electron temperature and density gra-
dients are opposed out to a radius of 0,75 cm; however, coherent oscillations indicating

an instability in this region were not observed.

Plasma Turbulence

Broadband low-frequency turbulence and coherent modes have been observed,

Broadband low-frequency turbulence (0-30 kHz) appears at all radii but has a max-
imum at the plasma edge. On the column axis it is only a few percent as shown in
Fig. IX-26, but increases to over 10% near the inner radius of the coil, Beyond a radius
of 1.25 cm, the plasma becomes fully turbulent and probe measurements indicate a
"flutelike" motion of the plasma. Figure IX-27a shows the spectrum 0-100 kHz of
log (An) and Fig. IX-26 shows the radial dependence, This condition is found at all
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Fig. IX-24.

Electron temperature vs radius.

Fig, IX-25.

Floating potential vs radius.
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