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Abstract. The effect of an external magnetic field on an ion—dust two-stream in-
stability in a collisional dusty plasma is investigated. We consider the parameter
regime in which the ions and electrons are strongly magnetized, while the charged
dust is unmagnetized. The presence of a magnetic field tends to hinder the growth
of the instability. The implications for laboratory dusty plasmas such as ‘plasma
crystals’ are discussed.

Ton—dust two-stream instabilities in collisional dusty plasmas have been investig-
ated by a number of authors [1-6], with applications to laboratory dusty plasmas.
For example, clouds of negatively charged dust can be trapped in the plasma—sheath
interface regions where ions flow toward the electrode with a speed much larger than
the ion thermal speed. Examples include dusty regions in processing plasmas and
dust ‘plasma crystal” experiments, where the streaming of ions relative to the dust
may excite dust—acoustic type waves [1,7]. Recently, it has been suggested that
a dissipative ion—dust two-stream instability may be responsible for dust heating
in dusty plasma crystallization experiments [7]. Further, it was suggested that
suppression of the instability may be the trigger for a fluid-to-solid phase transition
of the dust cloud (i.e. condensation to the ‘plasma crystal’) [7,8].

Since future dusty plasma experiments, in particular ‘plasma crystal’ experi-
ments, may involve magnetic fields [9]. it is of interest to consider the effects of
a magnetic field on this dissipative ion—dust two-stream instability. In this brief
communication, we study this issue in the parameter regime in which the ions and
electrons are strongly magnetized, while the charged dust is unmagnetized.

We consider a weakly ionized dusty plasma composed of electrons, singly charged
ions, negatively charged dust grains and neutrals. The equilibrium charge neutral-
ity condition is given by

njg = Neo + Zdnd(), (l)

where njo is the unperturbed number density of the particle species j (here the
subscript j = e,i and d refers to electrons, ions and dust, respectively), and Zg4
is the dust charge state. There is an electric field Eg = Epz and a magnetic field
By = Byz, in the z direction.
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We consider electrostatic waves, with perturbed E(r,t) = —V@(r,t), where ¢ is
the wave potential. Perturbed quantities a(r,t) are assumed to vary as ~ a(z)
exp(—iwt + ik,z + tkyy). The behavior of each of the three charged species is
described by fluid equations, including the equation of continuity

Oyn; +V - (n;v;) =0, 2)
and the equation of motion
-
nm;(0ev; +v; - Vv;) = njq; (E X BO) — VBj —nym;v;v;. (3)

Here nj, v;, m;, ¢;, and v; refer to the number density, velocity, mass, charge and
neutral-charged particle collision frequency of species j. In the presence of an ex-
ternal electric field, the equilibrium flow velocity of the charged species is given by

q; Eo
= =z
m;v;

Vo, (4)
It is assumed that the plasma parameters are such that Vo, < vy and Voq < wviq, while
Voi & vy, where vy; = (T /mj)l/2 is the thermal speed of species 7 with temperature
T;. In the following, we consider the frame in which the dust is stationary, namely
Voa = 0.

We consider the case where the ions and electrons are strongly magnetized, while
the dust grains are unmagnetized. The ions would be magnetized when €2;/v; > 1
and v/ < R, where Q; = eB/m;c is the ion gyrofrequency and R is the radial
extent of the dust cloud. There is a similar condition for the electrons. For example,
these conditions could be satisfied in a reasonably sized dust cloud (e.g. of the order
of R 2 1cm), composed of a weakly ionized dusty Ar plasma with T, ~ 3 eV,
T; ~ 0.1 eV and neutral density n, ~ 10 em™3 (pressure ~ 0.03 torr at room
temperature), immersed in a magnetic field of strength B ~ 2 T. On the other
hand, dust of radius a ~ 5 pm would be unmagnetized, since v4 would be much
greater than the dust gyrofrequency, using Zq ~ 10* and mgq ~ 5 x 1014 times the
proton mass.

We linearize (2) and (3), denoting the perturbed density by n; and the perturbed
velocity by ;. For the ions, we have

winti — nig k2 Uiz + ky iy = 0, (5)
0 + i) — | Uiy = ) 6
(@ + ) (Wi + i) “ mi * minio (6a)
and
sz‘iNi kz
(@ + i), = il Keed (6b)
minio my

Here &; = w—Fk, V. In the limit of strongly magnetized ions with |&; +iv;| <€) and
(w},i/Qi)z <1, and in the limit of cold ions with |@;(@; + iv;)[>k%*v2 (and k, > ky).
the perturbed ion number density from (5)—(6) becomes

fli € kz(b

~ T f. 7

Nio m; wi(wi + ZVi) ( )

For the electrons, we assume |0,| = |w + k. Voe| < Ve, 80 (2) and (3) for the electrons
become

@eﬁe - neO[kzi}ez + kyﬁey} = 07 (8)
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0?2 1k iky Ty Ne
[1+—;] By ~ Kue® iRy T e (9)
Vg Mele MelVe Tl
and
.kz kZTE‘ ~e
b, o Hz€d _ theTe T (9b)

Mele MelVe Theo ’
where €, = eBg/m,c is the electron gyrofrequency. Since v, < €, and in the limit of
warm electrons with k202 > |@.v,|, the perturbed electron number density from (8)—
(9) becomes
P ed
Te0 - Te '
The dynamics of the unmagnetized dust (also assuming cold dust with thermal
energy Ty = 0) is described by

(10)

. Zacgay g, (11)

w(w+ il/d)nlo o
(e

Inserting (7) and (10)—(11) into Poisson’s equation, we obtain the dispersion relation

k2 w}zbi w]Q)(]
S L _~0, (12)
k2 Awi(@ + i) Acw(w +ivg)
where A, is given by
1
A=14 —u. (13)

k2 )2
De

Note that (12) has the same form as the dispersion relation for an ion—dust two-
stream instability in a collisional, non-magnetized dusty plasma given in |1, 7],
apart from the factor (k. /k)? multiplying wﬁi. However, it is this factor arising from
strongly magnetized ions that hinders the growth of the instability. (A similar effect
occurs for the Buneman instability in an electron—ion plasma when the electrons
are strongly magnetized [10].)

In the limit w <k, Vi, v; <k, Vi and vq < w, the dispersion relation (12) becomes
approximately

w2 2w W w2| W,
[p— L [ U § L P 14
Ackz‘/gi |: + kz%l + szOi:| Aew2 |: w :l ( )

A strong hydrodynamic instability can occur roughly when wy;i/ /A = kVpi, which

can be written as
2
Ut T 242
— > k25, 15

‘ 7021 <5To ) Di ( )

where § = njg/nco. The maximum growth rate of this ion—dust dissipative instabil-
ity, in the limit 15 > w, occurs when the equality in (15) approximately holds and
the spectrum is given by

w  (1+14) (k wpi)m 1 iva
Wpd \/i k vy A§/4 2wpd .

Condition (15) is more restrictive than the condition for the dissipative instability
in the non-magnetized case, which is roughly [1]

(16)

2 2 T
vi Kk T 242

= kI AD; 1
‘/02 k2 5Te z\Di ( 7)
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Figure 1. Imaginary part of w (normalized to w,,q) obtained by solving (12). The parameters
are m;/m, = 40, mq/m, = 5 x 10", T./T, = T./Ty = 30, w,/S% = 0.4, Zg = 10%,
ng/n; = 1075, l/i/w},; = 0.1, V(l/w],(l = 0.1 and Vg /vi; = 5.5. Angle between k and Vy; is
0 = 0° (solid line), 8 = 30° (dash line) and 6§ = 45° (dash-dot line).

1.5 I

Figure 2. Imaginary part of w (normalized to w,q) for the non-magnetized case.
Other parameters are the same as in Fig. 1.

The range of k where the instability occurs given by (15) is narrower than the
range given by (17) for waves that propagate obliquely to the ion flow direction (see
also [10]). Consider for example a dusty ‘plasma crystal’ radiofrequency experiment
where dust is localized in the plasma—sheath boundary region and ions flow into the
sheath with speed near the ion sound speed ¢, ~ (T,/m;)'/? > vy (since typically
T.>T;). If § & 1in the dust cloud, it would be difficult to satisfy condition (15) and
thus the instability could be hindered if the ions were strongly magnetized. This
is in contrast to the non-magnetized case where the instability could still occur
for waves that propagate obliquely to the ion flow direction and where damping
of the instability requires high ion and dust collision frequencies and thus high
neutral density [7]. Thus we suggest that, if suppression of an ion—dust streaming
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Figure 3. Real (dash line) and imaginary (solid line) parts of w/wpq. (a) Solution of (12), for
the same parameters as in Fig. 1, but with 74 /w,,; = 0.5, vq/wpa = 0.5 and § = 0°. (b) Solution

for non-magnetized case, for the same parameters as in (a), but with 6 = 45°.

instability is the trigger for dusty plasma condensation, this could more easily be
accomplished in a plasma with strongly magnetized ions, even at lower neutral
pressures.

For example, consider a dusty plasma with the following parameters: Argon
plasma, B~2 T, n, ~ 10 em™3, nig ~ 108 em ™3, T. ~3 eV, T, ~ 0.1 eV; dust with
a~>5 pum, md/mp ~5x 10", ngo~ 103 em™3 (intergrain spacing d ~0.06 ¢m) and
Zy~10% The dust could be strongly coupled and may be crystallized, with the
dust Coulomb coupling parameter I' = ZﬁeQ/dkBTd ~ 2400, if Ty ~T;. We estimate
the collision frequencies using v; ~ oj,n, vy (with oy, ~5 X 10715 cm2) and yg ~
41an,vem, /3mq. For these parameters, v;/€;~0.05, Wi/ ~0.4, vq/Qq ~400
and wpd/Qd ~ 3700, so the ions are magnetized but the dust is non-magnetized.
Figure 1 shows solutions of (12) for a set of corresponding dimensionless parameters,
with Vo ~ (T./T;)Y vy, for various values of the angle 6 between k and Vg (note
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that k, = kcosf). For comparison, in Fig. 2 we show solutions of (12) with the
factor k2/k? in the second term of (12) replaced by 1, which would correspond
to the case where the ions are not magnetized (see [1]). As can be seen, strong
hydrodynamic growth can occur in the non-magnetized case over a wider range of
k for oblique propagation, whereas the growth rate and range of unstable k remain
smaller for the strongly magnetized case. For the parameters of Fig. 1, modes with
wavelengths A < 10mAp; ~0.75 em would be stable.

Figure 3(a) shows the real and imaginary parts of w (normalized to w,q) obtained
from (12) for the same parameters as in Fig. 1 and for 6 = 0°, but with the collision
frequencies increased by a factor of five corresponding to increasing n,. (Note that
B would also have to increase in order that 1;/; < 1). As can be seen, there is
no growth in the magnetized case. On the other hand, Fig. 3(b) shows solutions of
(12) with the factor k2 /k? in the second term replaced by 1 (corresponding to the
non-magnetized case), for the same parameters as in Fig. 3(a) but with § = 45°.
Thus for these parameters, the dissipative ion—dust streaming instability can occur
in the non-magnetized case, but is suppressed in the case that the ions are strongly
magnetized.

In summary, we have presented linear dispersion relations for an ion—dust dis-
sipative instability in a collisional, magnetized dusty plasma, in the case where
the electrons and ions are strongly magnetized while the dust is unmagnetized.
The condition for growth of the instability is more restrictive than in the non-
magnetized case, which may have implications for laboratory dusty plasmas such
as ‘plasma crystals’. However, we point out that we have only considered simple
wave effects and that further work should consider the complications introduced
by a magnetic field such as ion E x By drifts due to the electric field of the dust
grains.
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