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An intermediate frequency (f.<f<f.) electrostatic instability has been observed in an
electron beam produced, cylindrical plasma column. This instability has been identified as a new
instability, the modified Simon-Hoh instability (MSHI), which has an instability mechanism
similar to the Simon-Hoh instability (SHI). This instability can occur in a cylindrical
collisionless plasma if a radial dc electric field exists and if this radial dc electric field and the
radial density gradient are in the same direction. The origin of the dc electric field is found to be
the difference between the ion and the electron radial density profiles. In such a plasma if the
jons are essentially unmagnetized but the electrons are magnetized, a velocity difference in the
0 direction can arise because of the finite ion Larmor radius effect. This leads to a space charge
separation between the electron and ion density perturbations in the 6 direction. The consequent
perturbed azimuthal electric field Ey, and the enhancement of the density perturbation by the
Eg; X By velocity occur in the same manner as in the SHI. The instability frequency is decided
by the ion azimuthal drift velocity. This new instability has been investigated through

experiments and theory.

1. INTRODUCTION

Intermediate frequency electrostatic instabilities driven
by the relative drift of electrons and ions across an external
magnetic field have been studied by many authors.'™ By
intermediate frequency we mean f,<f<f., where f
and f,, are ion and electron cyclotron frequencies, respec-
tively. Simon® and Hoh’ studied the Simon-Hoh instability
(SHI) in a weakly ionized, inhomogeneous, collisional,
magnetized plasma under a strong electric field perpendic-
ular to the dc magnetic field. The SHI is unstable when the
density gradient and the electric field are in the same di-
rection, and is triggered by the difference between the elec-
tron and ion EX B drift velocities caused by collisions. The
SHI was observed by Thomassen® in a hot cathode Penning
discharge plasma. In collisionless, weakly magnetized-ion
plasmas (where electrons are magnetized), a similar insta-
bility may be expected due to the slower (relative to the
electron) ion drift velocity caused by the large ion Larmor
radius effect.

In this paper, we report the observation and identifi-
cation of such a new intermediate frequency electrostatic
instability in an electron beam produced plasma which we
call the modified Simon-Hoh instability (MSHI). The in-
stability mechanism of the MSHI is best explained by first
briefly explaining the SHI and then by pointing out the
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crucial differences between the two. SHI is an instability in
a weakly ionized, collisional (w<v,,,V;,) plasma with an
axial magnetic field and a radial dc electric field. Here v,,
and v,, are the electron-neutral elastic collision and ion-
neutral charge exchange collision frequencies, respectively.
(See Table I for explanation of various symbols and their
typical values in our experiment which will be described
later.) SHI occurs when both ions and electrons are mag-
netized, the density is nonuniform (Vn0) in the direc-
tion of the electric field (E,), and when the sign of the
product of the electric field and the density gradient is
positive (Vny+E,>0). The instability mechanism of SHI
is as follows: Under the dc axial B, field and the radial E,,
field, both electrons and ions rotate with E,X By drift ve-
locity,

EyB o
—————,
YT (1/932,)
where j=e (electron) or / (ion), j is the cyclotron fre-
quency and 7, is the collision time with the neutral gas.
Since Q272,51 and 02r2>1, we obtain

ve,=E,/B, (2)
whereas

o Eo/B (3)

By (1/932)

This difference between the electron and ion EX B drift
velocities causes a space charge separation between the
electron and ion density perturbations in the 6 direction,
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FIG. 1. The experimental setup of the beam—plasma system. The plasma
is produced by collisional ionization of the neutral gas by the electron
beam.

and consequently produces a perturbed azimuthal electric
field, E5. When the plasma density is inhomogeneous and
Vny+E >0, then the Eg X By velocity enhances the den-
sity perturbation. The instability frequency of SHI is
roughly vg k.

The instability considered in this paper, MSHI, is dif-
ferent from the collisional SHI in that, (a) ions are un-
magnetized and (b) both electrons and ions are collision-
less. Therefore, the azimuthal velocity of the ions is not
expressed by Eq. (3). Here, the velocity difference between
electrons and ions is caused by the large ion Larmor radius
effect. In our experiment, the ions are unmagnetized be-
cause of the small axial B field. Furthermore, because of
the large dc radial electric field they move radially in and
out across the B field. Therefore, the ion orbit is nearly a
straight line. As the ions pass the vicinity of the center of
the plasma, they are pushed outwards due to the vX B
force. Even though this perturbation of the ion orbit from
a straight line is small, its curvature cannot be neglected.
Upon averaging over many ions, the ions are always seen
to pass the center in the direction of the E,, X B drift. This
ion azimuthal drift velocity can be much smaller than the
electron E, X By velocity and therefore causes a space
charge separation between the electron and ion density per-
turbations in the 6 direction. The consequent perturbed
azimuthal electric field E, and the enhancement of the
density perturbation by the Ey, X B, velocity are the same
as in the SHI case.

This paper is organized as follows: Sec. 1I describes the
experimental apparatus and measurements; in Sec. III the
theory of the MSHI is given and a comparison of the
MSHI with other instabilities is made; in Sec. IV experi-
mental results are compared with the theory; the conclu-
sion and a summary of the paper are given in Sec. V.

Il. EXPERIMENTS

Figure 1 shows the experimental setup of our beam-
plasma system used in this work. A 1 cm full width at
half-maximum (FWHM) diameter Gaussian electron
beam is injected axially into one end of a 10 cm diameter,
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FIG. 2. Electron gun and probe characteristics. (a) Dependence of the
electron current collected at the grounded endplate /, on the filament
heating power P;. I, is governed by temperature limited emission at lower
P;, and governed by space-charge limited emission at higher P,. Experi-
ments were performed at ¥ 53=250 V, I,=10 to 1000 uA, which is in the
temperature limited emission region. (b) Probe characteristics measured
by a 2X2 mm square disk probe (0.05 mm in thickness). The beam
acceleration voltage ¥ zis 250 V in this measurement. For the probe bias
voltage V; < —250 V, only the ion saturation current is collected; for
"Vo >0V, the contribution is mainly from the plasma electrons; a clear
beam electron component is observed for —250 V < ¥, <0 V when the
disk is normal to the electron beam (closed circle); when the disk is
parallel to the electron beam (open square), a very small beam compo-
nent collected by the edge area of 0.05 mm thicknessX 2 mm length is
observed.

180 cm long stainless steel vacuum vessel, immersed in a dc
magnetic field of up to 320 G. Most of our measurements
are conducted at B=160 G. The distance between the elec-
tron gun and a grounded endplate target (1.2 ¢m diam)
defines the interaction length to be 80 cm. The magnetic
field uniformity over the interaction region is better than
3%. For most of our measurements, which are carried out
over the pressure range 5X 107 to 5x 10~ Torr, Ar gas
is used. The vacuum base pressure is ~5X 10" Torr. The
ion mass dependence of the observed instability is deter-
mined by using Xe, Kr, N,, and He in addition to Ar.
Electrons are emitted from a directly heated spiral
tungsten filament cathode, accelerated through a
1 cm diam hole of the grounded anode, which is biased
positive with respect to the cathode, and collected by the
grounded endplate target. Figure 2(a) shows the electron
current at the endplate target (/ p) as a function of the
filament heating power (P/) for three different beam ac-
celeration voltages (V). It can be seen from Fig. 2(a)
that 7, is governed by temperature limited emission at
lower P, (where it monotonically increases as P, is in-
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TABLE I. Typical experimental parameters.

Gas used
Pressure
Magnetic field
Endplate current
Beam voltage

Ar (He, N,, Kr, Xe)
P=5x10"%~5%x10"> Torr
B=40~280 G
1,=10~1000 pA
V<500V

For Ar 2X 107 Torr, 1,=100 uA, V=250V, B=160 G

Beam density
Plasma electron density
Plasma ion density

Electron temperature
Ion parallel temperature
Jon perpendicular temperature

de radial electric field
Plasma potential difference

Measured instability frequency
Ton cyclotron frequency

Ion plasma frequency

Electron plasma frequency
Electron EX B frequency
Electron diamagnetic frequency

Azimuthal phase velocity
Axial phase velocity

Ton acoustic velocity
Electron thermal velocity

Collision frequency
Electron-neutral elastic®
Ion—neutral charge exchange®!®
Electron—ion'!

ny=10° cm™?
n,=10% em™?
n;= 107 cm™?

Tez4 eV
T, >0.03 eV
T, =SeV

E,,~47 V/cm
AD=50V

f1=48.3 kHz (m=1: measured)
f=6.1 kHz

=104 kHz

fpe=289.8 MHz

fex p=940 kHz (m=1)
f*=3.0MHz (m=1)

w1/ky=1.3x10° cm/sec (ky=2cm™")

@/k,=8.3x 10° cm/sec
(k,~0.03 cm™")
¢,=3.1X 10° cm/sec
Ve = 1.2 X 10% cm/sec

V,n=6.610% sec™!
Vip=2.2X 102 ~2.9X 10 sec™!

vi=2.5%10% sec™!

Collision mean-free-path
Electron—neutral elastic’ A, =18%10° cm
(0,,=8.4X107' cm?)
Ton-neutral charge exchange®'® A, =1.7x 10? cm

(0,,=9.0X1071% cm?)

Electron—ion'! Ay=5.4x10° cm

Electron Debye length Ap=0.15 cm

Larmor radius

Electron rLe=0.04cm

Ton ri=125cm (T, =5¢€V)

creased) and governed by space-charge limited emission at
higher values of P, (where it shows saturation behavior).
Experiments were performed at ¥ 3=250 V and /,=10 to
1000 pA. These parameters are in the temperature limited
emission region.

Table I summarizes typical experimental parameters.

A. Density measurements

Beam and plasma densities are measured by the Lang-
muir probe. Since the typical gas pressures are low, the
probe characteristics show clear distinctions (a pro-
nounced knee) between the ion saturation current ([),
the beam electron current (/y,,) and the electron satura-
tion current (I,,). Figure 2(b) shows probe characteristics
measured by a 2X2 mm square disc probe (0.05 mm in
thickness). When the disc is normal to the electron beam,
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FIG. 3. The measured magnetic field dependence of the radial profiles of
(a) n, and (b) n. At B=160 G, n, has a 1.0 cm (FWHM) Gaussian
profiles, while n; shows a broad profile from the beam center to the
chamber wall (=5 c¢cm). The n, profile becomes broader at the lower
B, while that of n; is nearly unchanged with B. P=2x%10"3 Torr, I,
=500 pA.

we observe a clear beam component with the probe biased
more negative with respect to — ¥ 3= —250 V in this mea-
surement. When the disc is parallel to the electron beam, a
very small beam component collected by the edge area of
(0.05 mm thickness X2 mm) the probe is observed.

In a magnetic field, the electron saturation current is
reduced due to the reduced diffusion coefficient across the
field.!? Therefore, the absolute magnitude of the plasma
electron density, n,, is not reliable. However, as long as B
is constant, the relative magnitude of n, as a function of
radius ror 1 » €tc. are thought to be correct. On the other
hand, the plasma ion density, #, is overestimated in our
measurement due to the thick sheath effect.'” Since we
have to bias the probe more negatively, with respect to
— V= —250V to collect ions, we expect to have effective
probe surface area being larger than the actual probe size
because of the thick sheath. If we extrapolate the ion cur-
rent at the plasma potential, we find nearly an order of
magnitude lower current compared to the current mea-
sured at V,,= —280 V. Here, V., is the probe bias voltage.
Because of these uncertainties in both electron and ion
density measurements by the probe, we choose not to de-
termine the absolute plasma densities from probe measure-
ments alone. On the other hand the absolute value of the
difference between the electron and ion densities (n,-n;)
can be obtained from the measurement of the plasma po-
tential ®. Since the relative radial profiles of the densities
are thought to be correct, we adjust the peak density of the
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FIG. 4. (a) The radial profiles of ® as a function of [ » measured by the
emissive probe at P=2X 1073 Torr. (b) 1 » dependence of the calculated
maximum |E4| (r=0.5 cm).

electrons and ions to fit the measured potential profile. This
fitting procedure indicates that the plasma is electron rich
on axis and ion rich outside of the electron beam.

The measured magnetic field (B) dependence of the
radial profiles of n, and n; are shown in Figs. 3(a) and
3(b), respectively. At B=160 G, n, (and n,, not shown in
the figure) have 1 cm (FWHM), Gaussian profiles, while
n; shows a broad profile from the beam center to the cham-
ber wall (r=5 cm). The electron profile, n,(r), becomes
broader at lower values of B, whereas the ion density pro-
file is nearly unchanged. This is because the ions are un-
magnetized (r; > 7,, where 7y ;is the ion Larmor radius and
rp=0.5 cm is the plasma size) even at B=250 G, while the
electrons are weakly magnetized (r. < r,, where ri is the
electron Larmor radius) at the lower values of B but are
strongly magnetized (ry, < r,) for high values of B.

B. Plasma potential measurement

The difference between the electron and ion radial den-
sity profiles implies the existence of a radial dc electric
field, £, which we deduced by measuring the radial profile
of the plasma potential, ®, with an emissive probe'? (0.05
mm diam tungsten wire) heated by a dc power supply. The
IV trace of the emissive probe is taken to confirm that the
emission current is much larger than the collection cur-
rent, and the floating potential of the probe matches well
with the plasma potential. The radial profiles of ¢ as a
function of I, are shown in Fig. 4(a), and the calculated
maximum |E,| (=|—V®|) versus I, is shown in Fig.
4(b). We find that |E,| increases monotonically with 7,
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FIG. 5. The measured normalized collector current (/.) and its deriva-
tive (dI/dV,) versus discriminator voltage (V) for (a) I p=1 pA and
(b) 1,=7000 pA. P=2x10"° Torr, r=15 cm.

but decreases with P (not shown). The difference between
the local electron and ion densities, n,—n,, calculated using
Poisson’s equation, is positive in the beam region and neg-
ative outside the beam. The shape of the electron and ion
density profiles support this notion.

C. Temperature measurements

The ion perpendicular temperature, T, , is measured
by an energy analyzer which consists of two mesh grids
and a collector plate. It is 1.5 cm diam, 1.25 cm long and
faces radially inward on a radially movable shaft. The first
grid is left to float to repel most electrons and pass ions.
The collector plate is biased to ¥V,= —67.5 V to collect ions
and repel electrons. Figure 5 shows the measured normal-
ized collector current (J,) and its derivative {(dI/dV )
versus discriminator voltage (V) for I,=1 pA [Fig. 5(a)]
and 7,=7000 pA [Fig. 5(b)]. The perpendicular ion “tem-
perature” T, calculated from the e-folding bias voltage in
the dI /dV ; curve is shown in Fig. 6(a) as a function of /.
The dc plasma potential difference AP, between r=2.0 and
0 cm measured by the emissive probe, is also shown in this
figure. A good agreement between 7', and A® is sugges-
tive of T'; as being the characteristic kinetic energy of the
ions as they rattle back and forth in the radial potential
well. The radial position dependence of T, is shown in
Fig. 6(b). The largest value of 7', is at the center of the
chamber as expected. Although the parallel component of
the ion temperature was not measured, we expect
Ty <T, because ion—ion and ion—electron equilibrium
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P=2X107" Torr, 1,=500 pA.

rate is much smaller than the ionization (or loss) rate. The
plasma electron temperature measured by the Langmuir
probe is ~4 eV.

D. Instability measurements

By varying the gas pressure (P) or the endplate cur-
rent (I,), a low-frequency mode M, with a frequency S
between the ion cyclotron (f,) and the ion plasma (f,)
frequencies (f,<f,) is excited. Most of the measure-
ments reported below were made with unbiased, grounded
cylindrical Langmuir probes (0.5 mm in diameter and ~2
mm in length). However, the same results, with much re-
duced amplitudes, can be obtained with probes biased to
give the ion saturation current. The real time oscillating
signals were recorded with a transient recorder (12 bits
resolution and 2 MHz maximum sampling rate). The fre-
quency spectra were obtained both by performing fast Fou-
rier transforms (FFT) on the real-time signal and with an
HP model 3561A spectrum analyzer terminated by a 1 k{}
resistor. We confirmed that there are no electron plasma or
electron cyclotron oscillations excited in our experiment.
When the gas pressure is increased above 10=* Torr and 1 i
above 1000 uA, these relatively higher frequency oscilla-
tions can clearly be seen.

A plot of the frequency f; and the spectral amplitude
n, of the M| mode as a function of the electron current
collected by the endplate target I, is shown in Fig. 7. The
peak amplitude of this mode, as inferred by measuring the
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fluctuating value of the ion saturation current, can ap-
proach n/ny~ 1. This occurs for I »> 7000 uA. However,
for these values of I, the plasma is already quite turbulent
due to a cascade of sideband instabilities thought to be
induced by trapped ions.!*> Furthermore, harmonics of £
are observed up to the seventh harmonic.'* As will be seen
later, the M| mode is a mode with an azimuthal mode
number m=1. We speculate that the harmonics of f| rep-
resent distortion of the wave shape to include higher azi-
muthal mode numbers but this conjecture awaits furiher
confirmation. Indeed at times the spectral power density of
the second harmonic frequency (m=2 mode) can be
somewhat greater than that of the fundamental A, mode.

Figure 8 shows that Ar pressure dependence of f; and
n;. In this measurement, 7, was kept constant at 16 pA.
Whereas f, increases with increasing /,, it is found to
decrease as P is increased. Here it is worth recalling that
E,, increases with increasing I, but shows a decrease as P
is increased. The spectral amplitude of M, is, however,
seen to increase with P until P exceeds 5X 107° Torr. At
this pressure, the frequency spectrum of M, becomes
broader and the signal-to-noise ratio becomes smaller.
Above 7X107° Torr, the plasma becomes quite
turbulent'® and one can no longer distinguish the fre-
quency peaks of M, mode and its harmonics.

The ion mass (M) dependence of f; is shown in Fig. 9
for six different values of 7,. It is clear that f| has a
1/ M dependence.

Figure 10(a) shows the radial profile of the M, mode
frequency, f,. It was observed that f, is almost constant
from the beam center to the chamber wall (r=95 cm) sug-
gesting that the M, mode is a characteristic eigenmode of
the system, not a local mode. Figure 10(b) shows that the
M| mode has a spectral amplitude peak at the beam edge.

The azimuthal wave number of the M| mode, k,, was
measured by three probes located 90° to one another at the
same radial and axial position. From the phase difference
between the three probes, we concluded that M| has an
azimuthal mode number m =1 in the direction of the EX B
drift or the electron diamagnetic drift. Thus kg=m/r is 2
cm™'. The component k, of M, (in the direction of the B
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field) was determined, by measuring the phase difference
between a fixed probe and an axially movable probe, to be
~0.03 cm ™.

E. lon azimuthal velocity, v,, measurement

The ion azimuthal velocity, vy, is measured by one-
sided-probe technique.!®> A probe is shielded on one side
and biased to collect the ion saturation current. When the
probe is faced away from the ion rotation direction, only
the ion saturation current, [, is collected. When the probe
is faced to the rotation direction, both I; and the current
caused by ion drift, 1,4, are collected. The difference in the
currents Al is equal to [, and related to vy by
vg;i=Alc/I, wherec,= T /M.

Figure 11 shows the measured f| and the ion rotation
frequency fy;=vgky/27. Here we have taken ky=1/r and
r=0.5 cm which is the radius at which the M| mode has a
maximum spectral amplitude. The calculated value of fy;
shows the same general trend as f; and agrees within a
factor of two for 7, [Fig. 11(a)], P [Fig. 11(b)] and B [Fig.
11(c)]} scans. Also shown in Fig. 11 is f); the calculated
effective ion EX B drift frequency which will be discussed
later in the paper. However, we now show, based on the-
oretical considerations, that the modified Simon-Hoh in-
stability (MSHI) is a candidate for the instability observed
in our experiment.
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ill. THEORETICAL CONSIDERATIONS

In this section, we describe theoretical considerations
of the MSHI. In order to clarify (a) the plasma parameter
regions of the MSHI and (b) the differences with other
instabilities, we first derive a general expression for the
electrostatic oscillations, which includes effects of B fields,
dc electric fields, plasma temperature, density gradients,
and collisions. Then, we apply our experimental conditions
to the equation and show the dispersion relation of the
MSHI. In the Appendix, we show that the dispersion re-
lation of several well-known instabilities can be obtained
from the equation by choosing proper limits.

A. General fluid theory

We assume Cartesian geometry with a uniform mag-
netic field By= ByZ. We look for electrostatic oscillations of
fluctuating potential ¢ and density perturbation n given by

¢:¢(x)el(k +kzvz—a)t) (4)

ﬁ:ﬁ(x)ei(k}"’y+klvz_mt); (5)

and the fluctuating electric field is given by

d
Eim— =" (6)
E]yz_ik)l¢' (7)

;lvj Sje¢ {( k2 kg

= 5+ T —
nig m; m—Q w+tvja)

where Q;=|s,eBy/m;| is the cyclotron frequency and
®;=w—k+vy is the frequency in the species’ rest frame.
The drift term k- v/, is expressed as

k- vy= kzvbeam + kyUEX Bet kyvbd= kzvbeam +wgy+ CUZ’

(1)
k'veozkyUExBe+kyUed=wEe+w:’ (12)
k- Vo=kwp. pitkpu=og+aof, (13)

where Uy, is the beam velocity, ©g;j= kg p; is the EX B
drift frequency and o} = kp s = —s;(T ;/eBy)k,;k,is the
diamagnetic drift frequency. For convenience we use wg
and o* for the electron EX B and the electron diamagnetic
drift frequency, respectively.

Now we identify y with 6 and x with r in cylindrical
geometry, and then apply our experimental conditions. In
our experiment, the following plasma conditions are
present: (a) Electrons are magnetized while the ions are
essentially unmagnetized (Q;<€w<cky<Q, where ¢,

JT./m); (b) ions and beam electrons are cold
(T,T,~0) while the plasma electrons are not cold
(T /#0); (c) the collisions with neutral atoms are negligi-
ble (v,,v;,,~0); and (d) k,.=k,>k¢>k,k,. It can be
seen that the beam electrons follow Eq. (A2) with the
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The dc electric field and density are Ey=FEyX and
no=ng(x), respectively. We use the linearized equations of
motion

anl
njomj(‘E_-i-(Vjo'V)Vj]“f- (le 'V)Vjo)

+nj1mj(Vj0'V)Vj0

= ~enj0(E1 +vaXB0) +Sj€ﬁj(Eo+VjoxB0)

—~T; Vn,—mnvv;, (8)

and the continuity equation

n; .
=7+ (Vjor V7,08 Vit (V1 V) j0=0, (9)

for plasma ions, plasma electrons, and beam electrons,
together with the local approximation, ¢”=¢'=0 and
n"=n'=0, where j=i (ion), e (plasma electron), and
b (beam electron), s;=1, s,=s,=—1, v; is the collision
frequency. The density gradient is k,;=|njo/njl
=| (1/nj)(dn jo/dx) I, where "}0 < 0. Since collisions in
the perpendicular equation give classical diffusion that is
negligible, we consider collisions only in the Z direction.
We find

], (10)

r

third term on the right-hand side being dominant because
of small k, and large (),; the plasma electrons are expressed
by the modified Boltzmann relation for the k,=~0 case, Eq.
(A7); and the plasma ions are reduced to Eq. (A10) with
nonzero azimuthal drift, which will be described later.
These relations are given as

n, e knbke

e¢ w*

@—; @pQ2, T ©—0p—KVveam (14
n, e w*
ne 2 : (15)
ng T,0o—og
~ 2,2
n; e .k

¢ s™o (16)

—= 3
nyo Te (0)—(1)9,') ’

where 0} = o* wg=0g 0*=v,4ke ©g=vg, pk¢ and
wg="Vgikg, Which is the mean azimuthal ion drift fre-
quency.

1. Plasma approximation

For quasineutral perturbations, we take 7,+n,=n,
and we obtain
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FIG. 11. The dependence of various frequencies on experimental param-
eters. (a) I, (b) P, and (c) B dependence of f), fo» and fg. Here, fo
is the measured ion rotation frequency by the one-sided probe and ex-
pressed as fg;=uvgKks/2m, where kg=1/r,=2 em~! and r,=0.5 cm is the
radius at which M, amplitude is maximum. And fp; is the effective ion
EX B drift frequency calculated from Eq. (52).

1 (1—a) o* w* w,z,,-
YRV — a —_ ,
kOA‘D ( ? w——(’)E+ w—wE—szbeam) (w—m{%)2
(17)

where Ap = T /4mn q¢* is the electron Debye length and
a=nu/ny When a<l, neglecting the beam term,'® we ob-
tain

1 o* a)[z,,- (18
kéﬁ)“’_wb"_ (0—wg)* )

Equation (18) is solved to give

ik
wR=k009i+EZ)—*:k9v6i’ (19)
5,5 (0g—wg) CQ‘k‘é [Czk%)(wE_a’ﬂi)
w;=1|Ckg oF _460*2:V oF , (20)

where wg and o are the real and the imaginary parts of the
instability frequency, respectively. This shows that when
vg; < E,o/ By, and wg/w* >0 we can have an excitation of a
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fluid instability. Note that the perpendicular phase velocity
is nearly vg; with a small correction due to the second term
in Eq. (19).

2. Poisson’s equation
Now we apply Egs. (15) and (16) to Poisson’s equa-

tion
—V2p=4me(n;—n,), 1)
where we have neglected the beam components. We find
a)lz,i 1 o*

1= (w~w9,»)2_k§/1% o—og’

(22)

where we have neglected (), relative to w. The roots for this
dispersion relation are expressed by the Buneman instabil-
ity type solution; i.e., the growth of the instability occurs as
a result of the interaction between the fast (positive en-
ergy) wave on the ions and the slow (negative energy)
wave on the electrons.!! In the case of the MSHI, fast and
slow ion waves given by

O=KgUgi% 0y (23)
and a slow electron wave given by
o*
(24)

o=Kglg—-35"7
T

interact together. Figure 12 shows the real part wjy
= @g/Q; [Fig. 12(a)] and the imaginary part o;
= w;/Q; [Fig. 12(b)] of the instability frequencies of Eq.
(22) as a function of k" =kgz/Q; Since kg is fixed to the
m=1 mode, we consider that changes in k&’ are due to
changes in vy and treat o*/k31}, as unchanged from case
to case. When k’<0 or k'»1250, there are three real fre-
quency roots that indicate the plasma is stable. While at
0<k’<1250, we find only one real frequency root and two
complex frequency roots, which correspond to a growing
wave (w;>0) and a decaying wave (w;<0). In our exper-
iment, k' =155 (see Table I) and there exists an unstable
root. Note that at k' <1100, wy of the unstable root is
expressed exactly as wg=kgvg, which is the same as the
plasma approximation result. Deviation from the
wgr=kgvg; occurs when w*/k3Ah<kovp, or kg% > 1. This is
the same condition as the case when the plasma approxi-
mation is not valid. In our experimental conditions, since
w*/k2AL > koo is always satisfied, the plasma approxima-
tion gives correct results. Note that in the case kgvg=0,
the maximum growth of the unstable root occurs
when w=kgg~w,. This root corresponds to the flute-
like drift instability.">*

B. Kinetic considerations

Now we consider kinetic effects on ions. Note that in
the actual experiment, ions have large perpendicular excur-
sions in the electrostatic well created by the magnetized
radially localized electrons. The ion density response must
therefore be obtained from an appropriate Vlasov equation.
The unperturbed ion distribution, f, is a function of the
constants of motion, i.e., the perpendicular and parallel
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energies W, =(M/2)(P+7r6") +e®(r), W =(M/2)7
and the 6O-canonical momentum Py=M ’,2(9'+ 0,/2),
where Q;=eBy/M is the ion cyclotron frequency. Since the
ion density is nearly uniform in space, f; may be chosen as
a function of W, and W, only. The perturbed Vlasov
equation may now be solved in principle by following the
characteristics:

T ! e ’ ’ r] . a‘f’O ’
fi=— f_m MEl[r (t),r'] 3 dt (25)

and the density perturbation obtained by the equation
n;= [ fd’v. The exact eigenmode problem is quite com-
plex because of the complicated zeroth-order ion orbits
[determined by ®(r) and By] and the radially nonlocal
response of ions, which leads to integrodifferential opera-
tors. Considerable insight into the new physical effects in-
troduced by large orbit excursions may, however, be ob-
tained from an approximate kinetic theory that uses
harmonic orbit approximations (exact for a parabolic po-
tential well) and an appropriately averaged local radial
response for the ions.

The unperturbed trajectory of ions is determined from
a solution of the equations

dr 26
=" (26)
dv Q(vX3 ek, | 57
Z= (v Z)+ﬁ F. (27)

When. By is large and ions are magnetized, the second term
in the right-hand side of Eq. (27) represents the EX B
drift term. On the other hand, when B, is small and ion
orbits are mainly decided by the E; term, and by assuming
a parabolic potential well

¢:_¢0(1_;), (28)
0
where ®,> 0, Eq. (27) is reduced to

dv

2= (vXD) —Qr, (29)

where 2 = \/2e<I>O/Mr(2) is the ion rattle frequency in the
parabolic electrostatic well created by the electrons. In the
case when Q> (), is satisfied, ions are trapped in ¢ and
“magnetized” due to rattling in this potential well. In this
situation, {1, takes the role of the cyclotron frequency, (1,
and Q0 the role of the EX B drift."’

Now we show the dispersion relations with the ion
cyclotron oscillation and the £ X B drift. Solving Eq. (25)
for Ty #Ty (Ty »T; simulates the rattle effect), the
ion suspectibility y; is given by'®

2 1 T1|| nQ,—
=2, I+ p ( +Tu 5—”9:’)
x[W(zn)—l]In(b)e—”], (30)
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FIG. 12. Dispersion relation of the MSHI. (a) The real part and (b) the
imaginary part of the instability frequencies.

where z,= (@ —nQ,)/(k, Ty /M), Ap; = T} /4mnee’,
b=k3a? a=(1/9,) T, /M is the finite Larmor radius
(FLR) term, W is the plasma dispersion function, and
o =w—ke{vg), where (vy) is the average ion EX B drift.
The kinetic effects are negligible under our experimental
conditions because when k,=0, z,>1, and b>»1 are satis-
fied, Eq. (30) is reduced to the unmagnetized limit

(1)2

Dl
Xi=—7=1- (31)
Using the plasma approximation y,= — y; where the elec-
tron suspectibility, y,, is given by the fluid calculation, we
obtain the dispersion relation
1 w* w?

A
AN Y

Equation (32) is identical to the fluid calculation result, as
shown in Eq. (18).

C. Comparison with other instabilities

1. Modified two-stream instability (MTSI) and
flutelike drift instability (FDI)

A dispersion relation for the intermediate frequency
(f<f<f.) electrostatic instabilities driven by relative
electron—ion drift across an external axial magnetic field'~
is expressed as

1+ x.+x=0, (33)
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w,z,e KB a)lz,e K2 wf,e k.k,
Xe= Q2 K (o—kug)? BT O (0—kvp) K
(34)
2
w .
~ (35)

Xi= " (o—kup?”

where k, = | n{/ny|. When the density gradient term (the
third term) is dominant over the k, term (the second
term) in ¥, a dispersion relation for the flutelike drift
instability (FDI)"** is derived. Equation (33) is reduced
to the modified two-stream instability (MTSI)*™* when the
condition is reversed. The instability that we have observed
is k,=~0, k,5-0 mode: Therefore, it is similar to the FDL.
For the experimental condition of w,z,e< 02 k,=0, Eq. (34)
is reduced to

w2 (kn/k) 1 o*
Xe= Q0 (0—kvg,) k24D w—kug,’

(36)

which is the modified Boltzmann relation for k,=0. The
dispersion relation Eq. (33) is reduced to"”

1
(w—kvge) [ (w—kvo,-)z——wf,i] ==L w* (o — kvg)%.

D

(37)
When (1) kvg,= 0, @ =@, and kvy;=0, are satisfied, the
FDI has its maximum growth rate. The maximum growth
rate ¥,.. is calculated from Eq. (37) by assuming
0=0,+iy (Y/o;<1):"

w*wp
max_2k2/1D7 . (38)
The FDI is understood as an instability caused by a cou-
pling between an electron EX B drift wave in a nonuni-
form plasma and an ion plasma oscillation. No instabilities
are found for the conditions (2) w=kvy, w<w,, and
kvy;=0, (3) w<kvy, w=wy, and kvy=0. The modified
Simon—Hoh instability (MSHI) is a new unstable flute
mode for (4) w=kvy<wy, kvg. A growth rate of the
MSHI is calculated from Eq. (37) by assuming
o=kvy+iy (v/kvy<1),

K2c? (v, — kvg;)

v —~

(39)

This growth rate is exactly the same as the &; shown in Eq.
(20) when k=ky wp=kgvy and wg=kgvy. Many
authors!™ considered only a relative electron—ion drift v in
their theory. However, none of them considered v; and vy,
separately, which is necessary to get the proper wy of the
MSHI. Unlike the FDI, the MSHI is unstable even when
the plasma approximation (K2A%«1) is satisfied, and both
the real and the imaginary parts of @ are independent of
plasma density.
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2. Antidrift mode

The antidrift instability (ADI)® is an intermediate
frequency electrostatic instability in a weakly ionized inho-
mogeneous plasma with cold (T,=0) unmagnetized ions.
Here we consider three cases as follows.

(a) When k,=0 and E,;=0, we obtain

n, edw* i
ne T o (40)
n, ed ki ct

[ 12 ] (41)

ng T, o

Equations (40) and (41), together with the plasma ap-
proximation, give a stable mode with a frequency
wgp=c2k? /w*, which is identical to Eq. (18) in Ref. 20.
Note that this g is the same as the second term of the real
frequency of the MSHI, Eq. (19) (different by a factor
of 2).

There are two possible instability mechanisms to make
the antidrift mode unstable. One is collisions between elec-
trons and the neutral gas, and the other is relative slippage
between electrons and ions caused by the dc electric field.

(b) When k0, E,;=0, and electron—neutral colli-
sions are important, we get

~ 72 2
ne ed’ a)*+lkzce/ven

e 42
no T, o4ikco/Ven (42)

and n/ny is the same as Eq. (41). Equations (41) and
(42), together with the plasma approximation, give an
ADI, which Fridman predicted in his paper.”!

(c) When E,#£0, k,=0, k, =kg and the ion azi-
muthal drift is neglected, we also get an unstable solution
which is the same as the MSHI case with kgy=0, i.e,,

wp=CcH/20%, (43)
Csk%?mE c;ke cikgop
Or=\"T o TR o (44)

In the case of the MSHI, since kgvg;> c2k3/2w* is satisfied,
the instability frequency wy shows a completely different
dependence on the plasma parameters compared to the
ADI, even though w; is the same. Therefore, the MSHI is
classified as the ADI with E,; and vg,> v570.

o bl . — A
0 2 4 6 8 10

s -1
kevei(xlo s)

FIG. 13. The measured instability frequency w, versus the measured kqvg;
for I,, P, and B scans, replotted from Fig. 11.
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ion is assumed to be initially at rest (v,=vy==0) at r=1 cm.

IV. DISCUSSION

As shown in Sec. III, the MSHI is unstable when
Ug>vg; and the real part of the instability frequency is
wg=kgvy. Figure 13 shows the measured instability fre-
quency w; versus the measured kqvy, for 7, P, and B scans,
replotted from Fig. 11. As mentioned in Sec. I1 E, w,
agrees with kgv,, within a factor of 2. Therefore, experi-
mentally we find, from the measurement of ®, that vgis a
factor of 20 larger than w,/k4 whereas direct measurement
of vy shows that vy=w/kg 1.e., V> Vg and 0 =~wg. We
now carry out a simple ion orbit calculation, using the
measured plasma potential profile {Fig. 4(a)], in order to
explain how the ion azimuthal drift velocity vg;=~vz/20 is
obtained.

A. Orbit calculation

Figure 14(a) shows an ion orbit in the measured po-
tential well at 7,=100 pA. We assume as a boundary con-
dition that the ion is initially at rest at r=1 cm. The ion
starts to move radially inward due to the E field. As it
approaches the center, it is pushed slightly radially out-
ward due to the vy X B, force. After passing the center, the
ion is decelerated and stops at the same radial position as
the initial position.

Figure 14(b) shows vgvs v,. At t=0, v,=vy=0 and the
ion starts to gain negative v,, and begins to rotate clock-
wise. The ion velocity v is governed by the law of conser-
vation of energy, i.e.,
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FIG. 15. Calculated maximum azimuthal ion drift velocity, vg,,,. (a) An
initial position dependence of vyy,, for the same potential profile as the
Fig. 13 case. Note that vg,,, saturates at r>2 cm, which is only a factor
of 3 larger than w,/ky The averaged fluid velocity of ions, (vg) seems to
show a good agreement with w,/k, (b) Variation of vg,, for the mea-
sured @ profile at each I, and the measured ,/k,. The initial position of
ions is fixed at r=1.5 cm in the orbit calculation.

r

=eAD, (45)

where A® is the dc plasma potential difference. For most
of the time, v, is much larger than v, because of the nearly
straight line orbit of these ions. However, when an ion
comes closest to the center, v, approaches O and v, ap-
proaches vg,,. At this point, Eq. (45) is reduced to

2
MUOmax
2

=eAD. (46)

It is this v, that decides the phase velocity of the azimuth-
ally propagating mode M.

The dependence of vg,,,, on the initial radial position is
shown in Fig. 15(a). We find that vy, saturates at r=2
cm which is only a factor of 3 larger than w,/kg. In fact,
the average fluid velocity of the ions (vg,) seems to show a
good agreement with ©,/k,. Figure 15(b) shows a varia-
tion of vy, assuming that the ions start at r=1.5 cm,
using the measured ® profiles, as shown in Fig. 4(a). The
measured instability phase velocity, w,/kg, is also shown in
Fig. 15(b). The calculated value of vg,, and @,/ kg show a
similar dependence on I, over a wide range of values, and
the two differ by about a factor of 3.

Now we explain the M % ion mass dependence of the
observed instability. As the ion motion is more or less
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governed by the dc potential profile, the instability fre-
quency is expected to have a mass dependence

2eAD
wy=kg(vg;) « M

B. Finite Larmor radius correction to the ion EXB
drift

o« M0, (47)

The solid circle in Fig. 16 shows the ion to electron
mass ratio (M/m) dependence of Vgy,,, Obtained from the
simple ion orbit calculation shown in the previous section.
In the figure, measured instability phase velocities,
v,=w,/kg, are also shown (the open square). These quan-
tities, vgnax and vy, agree within a factor of 3. At M/m
<300, Vg, has very weak mass dependence and corre-
sponds to the EX B velocity. At M/m > 300, vgr,, shows a
1/ \/—ﬂ dependence and corresponds to the potential do-
main velocity expressed by Eq. (46). We show a simple
model to explain this smooth transition of vgm,, from the
EX B velocity to the potential domain velocity.

Under a plane electric field, Ey « e~ '*1* an averaged
or effective electric field (E.4) over the ion gyrocycle and
the Maxwellian distribution in v, is expressed as?2?

Eg=Epe"Io(b), (48)

where I, is the modified Bessel function of the first kind
and b = KA/ 2 = ki Ty M/(eB,)*. Mikhailovskii
showed that Eq. (48) is valid not only for b«1 but also for
b>1.2 The averaged ion E X B drift velocity is, therefore,
expressed as

E
VEi= B,

e %I, (b). (49)
Now we want to show that Eq. (49) gives a rough approx-
imation for the phase velocity of MSHI or vg; in our cylin-
drical plasma. We consider a radial dc electric field E.
Radial profiles of E,, which are calculated from the mea-
sured ® profiles, show zero at r=0 cm, maximum negative
value at 7=~0.5 cm, and zero again at r~2 cm. We approx-
imate the dc radial electric field with a sinusoidal field and
compare the dc electric field scale length with an ion Lar-
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mor radius. We replace x with r and k; with 1/7, where
ro is a typical scale length of E, and take ro=1.0 cm.
When b=7%/2r3<]1, vg; is approximated by*>?

Eo(1-b)
UEizT . (50)
This is the E X B velocity with a small finite Larmor radius
(FLR) correction term. This means that the ions stay ina
local radius and feel a local electric field.

When b> 1, vg; is expressed as?

_ E,o . rer,O ( 5 i )
E=p 2mb 2aTy M’
We  approximate E, and T as | Ey]

=|—V®| =k®=AP/ryand T; ~eA®D. Finally, for b> 1
case, we obtain

1 2eAd
UE,-Nm M

In this case, ions do not complete their gyrocycle in one
rattle motion. As shown in the previous section, an ion
orbit shows a small deviation from a straight line, and this
curvature corresponds to a part of a gyrocycle. Therefore,
they can complete their gyrocycle with several rattle mo-
tions. This is equivalent to ions’ traversing many wave-
lengths of the sinusoidal electric field in one gyrocycle.
Equation (52) has the same dependence on ® and M as
the potential domain velocity shown in Eq. (46), i.e., the
ion velocity obtained from the dc plasma potential.

Equation (49) is shown in Fig. 16 by the solid line as
a function of M/m. We see that v;; shows a similar depen-
dence on M/m as Vgyay; i€, Ug; corresponds to the EX B
velocity with a small FLR correction term [Eq. (50)] at
M/m <300, and corresponds to the potential domain ve-
locity given by Eq. (52) at M/m> 300.

The effective ion EX B drift frequency fg=vgke/2m
calculated from Eq. (52) is shown in Fig. 11. We see that
f i agrees particularly well with the measured instability
frequency (f,) for the B scan and with the ion azimuthal
drift frequency (fg) for the I, scan. Furthermore, fi
shows the same overall trend with » P, and B as f; and
S Therefore, we conclude that the phase velocity of the
M, mode is expressed as vg, the effective ion EX B drift
velocity for large Larmor radius.

(52)

V. CONCLUSIONS

In conclusion, an intermediate  frequency
(f.i< f<fe) electrostatic instability has been observed in
an electron-beam produced plasma. We have identified the
instability as a new instability, the modified Simon-Hoh
instability, which has an instability mechanism similar to
the Simon-Hoh instability. The instability occurs when the
radial dc electric field and the density gradient are in the
same direction. The instability phase velocity is decided by
the ion azimuthal drift velocity, which is explained as the
jon EX B drift velocity with the finite ion Larmor radius
correction. We have investigated this new instability
through theory and experiments.
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The experimental findings can be summarized as fol-
lows. i

(1) The measured ion azimuthal velocity, vg, is in
reasonable agreement with the phase velocity of the M,
mode, v;=w,/kg, as expected for the MSHL.

(2) By using the measured plasma potential profile, it
is found that the calculated vgy,,, shows good agreement
with v;. In this calculation, it is assumed that the ions are
at rest at the initial position. In the experiments, the ion
orbit is approximated by a straight line with a very small
deviation due to v X B force.

(3) The dependence of f, on ion mass and the ion
perpendicular temperature T'; are measured. It can be
shown that they are simply expressed by
eA® =T, ~Mv?/2. These results are expected from the
orbit calculation.

(4) We have shown that the calculated vy, can simply
be approximated by the ion EX B velocity vy;, expressed by
Eq. (49), for a wide range of ion mass ratios M/m by
assuming T ~eA®. The measured v, also agrees well
with Eq. (49). The electron E X B drift velocity is simply
given by vz, =E,/ B, because of the small electron Larmor
radius. A difference of 20 between the electron EX B and
the ion azimuthal velocity is easily explained by Eq. (49).

Finally, we point out that in this paper we have dis-
cussed only the steady state nature of the MSHI. We have
carried out experiments to illustrate the transient behavior
(growth) of this instability. Clearly one of the crucial ques-
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(1) When T,~0, the second term in the denominator of
Eq. (Al) is neglected. Together with v,~0, we find

7, e¢(k2 k? ,,eky)
QZ

& aQ
where ®=w—wy.

(A2)
ngog m

(a) When k,,~0, this reduces to

n, ed [k, K

L2 g)
(b) When k,~0, this reduces to

n, e knek,

ne m (Q§+ 59) (A9)

(2) When T 540 and cﬁkﬁgcﬁki<ﬂ§, we neglect the first
term in the square bracket and the third term in the square
bracket in the denominator in Eq. (A1)

R eb [To] Kk kik,
ng T.|lm 52+we¢5_ aQ, /
knek A5
“m & —i—lvew w0}, (A3)
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tions that has to be answered is how are the steady state ion
and electron density profiles established. In other words,
what is the ion heating mechanism that leads to ions
spreading out in the radial direction and thereby estab-
lishes a dc plasma potential profile. These issues will be
addressed in a future publication.
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APPENDIX: DERIVATION OF DISPERSION
RELATIONS

In order to clarify the plasma parameter regions of the
MSHI and the differences with other instabilities, we de-
rive some well-known dispersion relations from Eq. (10)
for several different plasma parameter regions. First, we
show the density-potential relations for plasma electrons
and ions.

1. Density-potential relations for electrons

Consider magnetized electrons (&°<Q2). Equation
(10) is reduced to

kK

Koek,
aQ,

(A1)

I

where &=0—wog—o*. (a) When a/k,<c, and v,~0,
electrons can freely move along the B field and establish a
thermodynamic equilibrium. Since the first term in the
square bracket in Eq. (A5) is dominant, Eq. (AS) reduces
to the Boltzmann relation

Me
(A6)

(b) When v,~0 and k,~0, we find the modified Boltz-
mann relation for the k,=0 case

n, edp o*

L) Tea)—a)E'

(c) When v,>® and k,0, one finds the modified Boltz-
mann relation

(A7)

—_— .32 2
A e o*+ikicv,

—— A8
Ny Te(u—wE+ik§c§/ve (A8)

2. Density-potential relations for ions
When T,=0, v;=0 and k+v;y=0; Eq. (10) is reduced
to
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(1) When ions are unmagnetized (0> (;), this reduces to
;lvi e¢ c§k2 1
mo T, @ (A10)

(2) When ions are weakly magnetized (w<{};) and

k,> kk,;, this reduces to

~ 2,2
n, ep ck,

—=— All
no Tea)z—Qi ( )

(3) When ions are strongly magnetized (0<(Q,), this re-
duces to
n; ed cfki K w*
— —Ef+—2+_ ,

n,():i [0} w (AIZ)

i
where we assumed k,,=k,. (a) When k/k,>w/Q; or
the ion Larmor radius for T, is small (b=cfk§/ Q,z< 1), the
first term on the right-hand side of Eq. (A12) is neglected
and we find

~ 272

n; e (ck; o*

no T, (7+ P ) (A13)
(b) When k,/k, <0/}, we find

~ 2,2

n, ep( ck, o*

=T, (—6?—+ — ). (A14)

3. Dispersion relations

Now by using the equations shown above together
with the plasma approximation (#,=#,) or Poisson’s equa-
tion, we derive well-known dispersion relations.

(1) When both electrons and ions are magnetized
(0<€0;<Q,): (a) When the axial ion motion is important,
and c, is large enough to satisfy the Boltzmann relation for
the electrons (even though k,20), Egs. (A6) and (A13),
together with the plasma approximation, give a dispersion
relation for the collisionless drift wave®

0*—w*o—ctki=0. (A15)

(b) When electron collisions (electron—neutral or
electron—ion collisions) are important while the ion axial
motion is unimportant, the modified Boltzmann relation
[Eq. (A8)] and Eq. (A14), together with the plasma ap-
proximation, give the dispersion relation for the collisional

drift wave'’
w*+io (0—w*) =0, (A16)

where oy = (k¥ kf,) (Q,Q,/v,) and b<]1 is assumed.
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(2) When electrons are magnetized while ions are un-
magnetized (Q,€0<Q,): (a) When T,~0 and electron
collisions are unimportant; (i) when k,,=~0, Eqs. (A3)
and (A10) together with Poisson’s equation give the mod-
ified two-stream instability;z'4 (ii) when k,~0, Egs. (A4)
and (A10) give the flutelike drift instability."> (b) When
T 0, k,.+0; (i) when electron collisions are unimpor-
tant and E,=0, Eqs. (A7) and (A10) give the stable an-
tidrift mode®

K
0=

= (A17)

>

(ii) when electron collisions are important (w<k§c§/ve)
and E,;=0, Egs. (A8) and (Al0) give the ion-sound
instability*?

w*v,

~ck 1+i—5
w=ck +12kzce

(A18)
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