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Abstract. Gyro-phase drift is a guiding center drift that is directly dependent on the
charging rate limit of dust grains. The effect of introducing a gyro-phase-dependence
on the grain charge leads to two orthogonal components of guiding-center drift. One
component, referred to here as grad-q drift, results from the time-varying, gyro-phase
angle dependent, in-situ-equilibrium grain charge, assuming that the grain charging
is instantaneous. For this component, the grain is assumed to be always in its in-
situ-equilibrium charge state and this state gyro-synchronously varies with respect
to the grain’s average charge state. The other component, referred to here as the
gyro-phase drift, arises from any non-instantaneous-charging-induced modification
of the diamagnetic drift and points in the direction of —VR;,; (where R;; is the
grain gyro-radius), i.e. the direction associated with increasing magnitude of in-
situ-equilibrium charge state. For this component, the grain gyro-synchronously
undercharges and overcharges with respect to its gyro-synchronously varying, in-
situ-equilibrium charge state. These characteristics are illustrated with a single-
particle code for predicting grain trajectory that demonstrates how gyro-phase drift
magnitude and direction could be exploited, using an extended version of the
presented model, as sensitive indicators of the charging time of dust grains because
of the cumulative effect of the ever-changing charge state of a grain making repeated
excursions in inhomogeneous plasma over many gyro-periods.

equation of motion for the dust grain in the frame that
co-rotates with the planet or moon. The original goal for
investigating gyro-phase drift was a complete description
of all guiding center drifts of a dust grain orbiting
a planet or moon (Northrop and Hill 1983). Goree
(1994) estimated the time for a dust grain to charge
up from zero elementary charges to one e-folding of the

1. Introduction to gyro-phase drift

Plasma, free electrons and ions (typically charged singly
and positively) that behave classically and collectively
via the long-range electromagnetic force, meets the cri-
teria that the Debye-shielding scale length is both much
larger than the interparticle spacing and much smaller
than the plasma dimensions. Plasma is considered dusty

if it contains relatively massive particulates (e.g. dust
grains) with net charge. An electrostatic potential well,
arising naturally in the plasma or applied externally, can
confine the dust grains and the properties of this dusty
plasma equilibrium and its dynamics can be studied. The
dusty plasma is considered magnetized if the charge-to-
mass ratio of the dust grain is sufficiently large that
a significant fraction of the grains gyrate with gyro-
radii much smaller than the dusty plasma’s dimensions
perpendicular to the magnetic field and if the dust
gyro-motion is not prevented by particle collisions. For
the magnetized-orbit case, the confinement of grains is
ruined by the influence of an electrostatic potential well,
due to finite-gyro-radius effects, unless grain size and
radial electric field are kept small.

The gyro-phase drift is one of the drift motions,
e.g. E x B drift, magnetic-gradient drift, and field-line-
curvature drift, that results from gyro-averaging the
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in-situ-equilibrium value in a homogeneous plasma as
kr Tel/ 2/(ano), where T, is the electron temperature in
eV, a is the dust grain radius in meters, ng is the plasma
density in m~, and kr is a given function of both T;/T,
and m;/m, in units of seconds m_zeV_%, which is fit to
a numerical model. The normalized charging rate é% is
the inverse of the charging time.

Gyro-phase drift is a guiding center drift that is
directly dependent on the limited charging rate of dust
grains. The effect of introducing a gyro-phase-
dependence on the grain charge leads to two orthogonal
components of guiding-center drift that, in the absence
or presence of an electric field, could be combined into
a single gyro-phase drift vector and treated separate
from E x B drift. One component, referred to here as
grad-q drift, results from the time-varying, gyro-angle
dependent, in-situ-equilibrium grain charge, assuming
that the grain charging is instantaneous, and is aligned or
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anti-aligned with the E x B direction if the self-consistent
electric field E were non-zero. The other component,
referred to here as the gyro-phase drift, arises from any
non-instantaneous-charging-induced modification of the
diamagnetic drift (see equation (8) of Northrop and Hill
(1983) and figure 9 on page 71 of Bliokh et al. (1994)),
and points in the direction of increasing magnitude of
in-situ-equilibrium charge state. The gyro-phase drift
magnitude and direction between gyro-phase and grad-
q drifts are sensitive indicators of the charging time
of dust grains because of the cumulative effect of the
ever-changing charge state of a grain making repeated
excursions in inhomogeneous plasma. To further cla-
rify, the grad-q drift, arising from the assumption that
the grain is always in its in-situ-equilibrium charge
state and that this state is gyro-synchronously varying
with respect to the grain’s average charge state, will
be labeled separately from the gyro-phase drift com-
ponent that arises solely from the fact that the grain
can be gyro-synchronously undercharged or overcharged
with respect to its gyro-synchronously varying in-situ-
equilibrium charge state.

2. Space realization of magnetized-orbit
dusty plasma

Small dust grains exist near Saturn (Gurnett et al.
1983) and make up the bulk of Jupiter’s gossamer
ring (Northrop et al. 1989). Such small grains are easily
magnetized and, due to their gyromotion, exhibit orbit-
radial oscillations in their orbital trajectory around the
planet. A charging/de-charging cycle is experienced by
the grain if the radial oscillations traverse regions of
different electrostatic potential and/or charged-particle
flux. Gyro-phase shifts between the grain charging cycle
and the cycle associated with the instantaneous grain
surface potential are caused by the finite charging rate
and result in a modification to the usual E x B drift. This
modification, known as gyro-phase drift, is in the orbit-
radial direction (Goertz and Morfill 1983; Northrop and
Hill 1983; Bliokh and Yarashenko 1985). This drift can
be observed only in a magnetized dusty plasma. For
simple planet-encircling orbits with no gyro-motion, the
gyro-phase drift does not exist. This gyro-phase drift is
distinct from the (gravitational-centrifugal force-balance
induced) radial drift that exists for unmagnetized grains
located inside or outside the synchronous-orbit distance
from the planet.

On December 31, 2000, Cassini had a closest approach
with Jupiter and made simultaneous measurements with
Galileo. The dust-grain fluxes seen by the two satellites
were comparable even though Galileo was closer to Io,
a significant source of dust. These measurements imply
that there must be processes, yet to be modeled, energiz-
ing dust particles as they cross outer parts of the Jovian
magnetosphere. As grains are ejected from the moon’s
surface by meteor impacts, they pass through Jupiter’s
magnetosphere and get charged. The smallest grains
detected in the vicinity of Jupiter exhibit collimated
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beam properties. The dust streams are directed such that
the tangential component of interplanetary magnetic
field plays a role, and indeed, a correlation between
the stream component and the tangential component of
magnetic field is observed. A mechanism for sweeping
charged submicron dust away from lo, or one of the
other Jovian moons, involving the Lorentz force, affects
any grains small enough to become magnetized, and
may be responsible for the directionality of these beams
(Griin et al. 1993; Horanyi et al. 1993).

3. Laboratory realization of
magnetized-orbit dusty plasma

Amatucci et al. (2004) reported dust gyro-motion in
a 0.46-m-diameter, glow-discharge, argon plasma: a, =
1.2,mg=25x10""%kg V; =70V, q, =4x107°C,B =
0.25T, kgT, = 100eV for primary electrons and kg T, <
1.6 eV for plasma electrons, T = 300 K for both ions and
dust grains, n; = 10"*m=3, v, =2 —8 x 103 ms™!,
weq =22 —4.Trads™! (or fog =04 —09Hz), and ry =
0.5—2 mm. Thus the feasibility of observing magnetized-
orbit grains large enough to image with particle-image
velocimetry (PIV) is implied. Experiments that use grains
too small to image with PIV require probe techniques
established by Barkan et al. (1994). The new Auburn
Magnetized Dusty Plasma Experiment (MDPX) device
is under construction and experimental operations are
expected to begin in 2014. The E x B drift is large
unless the plasma potential’s radial profile is restricted
to be shallow and have a small extreme value. Figure
1 shows how the ambient radial electric field enlarges
the effective gyro-radius of dust grains in a cylindrical
chamber like the Auburn MDPX. If the neutral atom-to-
charged grain drag force is not too large, the gyro-phase
drift in Auburn’s MDPX and, hence, the rate of charging
for various dust-grain materials might be measurable.
The body of theoretical work on charging rates that
is being used in basic-physics, industrial-physics, and
astrophysics applications has only a limited degree of
experimental confirmation, especially on the subject of
non-stationary dust-grain charging.

Normally, uncertainty in the measurement of dust-
grain charge is sufficiently large to dominate all other un-
certainties in interpreting dusty-plasma behavior
(Konopka and Morfill 2003). The most precise method
to determine dust-grain charge, based on the analysis of
direct particle collisions, is approximately 20% uncer-
tain. Methods based on observing the vertical resonance
frequency of particles levitated in an electric field can
be 50% uncertain. Fitting a measured dusty-plasma
waves dispersion to theoretically determined curves is
considered 20%—50% uncertain. The accuracy of some
of these methods is limited by assumptions of a relation-
ship between the fitting parameter for the charge and the
Debye screening parameter. Some methods rely on an
approximate sheath model. In many cases, flowing ions
and trapped ions are not taken into account so that val-
ues represent effective charge only. Without alternatives
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Figure 1. The effective gyro-radius can be accommodated in a laboratory vacuum vessel only for small magnitude of radial
electric field and small grain radius. A: Effective dust grain gyro-radius as a function of a constant, ambient electric field is
plotted for grain diameters a = 1 ym, a = 0.1 yum, a = .015 um, and a = 0.01 um. B: Effective gyro-radius as a function of grain
radius is plotted for constant, ambient electric field values of 100V m~', 10V m™!, and 1Vm~".

for measuring charging rates, these same uncertainties
will continue to restrict the precision of charging-rate
measurements. Since different charging models can be
indistinguishable given a 20%-50% margin, there is a
need for attaining better than 10% precision in charge
and charging measurements. This precision is conceiv-
able with improved physical insight into charging and
discharging processes associated with grains at the nano-
meter, micrometer, and millimeter scale. The capability
to monitor both the gyro-phase drift motion and the
wave-spectral feature of dust cyclotron waves in the
ensemble of individual grains would supply important
laboratory experimental evidence for validating grain-
charging models. Spatially or temporally modulating
the plasma potential or charged-particle flux would
induce charge and electron temperature changes for
interpretting cause and effect.

With cylindrical geometry in laboratory experiments
on magnetized-orbit dust, the radial profile of plasma
potential must be adjusted to control the confinement
of charged grains. An investigation of the £ x B
drift, total diamagnetic drift, and gyro-phase drift may
be carried out as E(r) is adjusted but note that the
gyro-phase drift signal, perpendicular to the other two
drifts, represents an uncontaminated signature of non-
stationary charging mechanisms. Measurements of gyro-
phase drift associated with dust-grain materials having
different charging attributes would then be possible.

4. Dusty-plasma parameters that affect
grain-charging rate

The plasma parameters associated with dusty-plasma

laboratory experiments extend from the collisionless to

very collisional regimes. Typically, a specific method

for producing plasma, usually identified by the gen-

eric name of the plasma device (e.g. Q-machine dis-
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charge, radio-frequency discharge, dc glow discharge,
helicon discharge), corresponds to a narrow collisionality
subrange. Amatucci et al. (2004) report the following
plasma parameters for their dusty plasma experiment
in which a few of the grains were magnetized: plasma
density = 10!° cm™3, electron temperature = 1.6 eV,
room-temperature argon-ion plasma, 220 mTorr room-
temperature neutral argon background gas, magnetic
field strength = 0.25 T, ion-neutral collision frequency
is 12 times the angular frequency of ion gyration, and
a dc glow discharge plasma. Auburn’s MDPX is expec-
ted to have the following parameters: plasma density
= 10" cm™3, electron temperature = 1.6 eV, room-
temperature argon-ion plasma, <220 mTorr room-
temperature neutral argon background gas, magnetic
field strength = 4 T, ion-neutral collision frequency is
0.12 times the angular frequency of ion gyration, and a
hybrid RF/DC discharge plasma.

Dust grains charge by bombardment of the grain sur-
face by background-plasma electrons and ions, photo-
electron emission by ultraviolet radiation, ion sputtering,
secondary electron production, and other processes less
relevant to the proposed research. In low-temperature
laboratory plasmas, grains are almost always negatively
charged (V;<0) such that the grain’s surface electrostatic
potential (in volts) is equal to the difference between
the floating potential V; and the space potential V;
of the plasma. Surface potential V; is determined by
the condition that collected electron current is equal
to collected ion current, and thus depends on the ion-
electron ratios of mass, temperatures, and density.

5. Numerical approach to charge collection
to spherical granule

We compute the single-grain trajectory in a dust-absent
plasma using a stationary inertial lab frame. In this
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Figure 2. Profile used for the simulations. The electron and
ion densities, n,, n;, are normalized to ny = 10'°m=3. The
ratio n,/n; is also plotted, as is the dimensionless quantity
Geq(X)/qeq(x = 0), which is proportional to the number of
electrons on the grain. The discrete steps of geq(X)/geq(x = 0)
correspond to an addition or subtraction of one electron.
The abscissa is scaled to the gyro-radius corresponding to the
equilibrium charge of a 0.015 um radius grain at x = 0, which
is 43 electrons (Rp4(t = 0) = 0.572 mm).

paper, we examine the case of a gradually varying ratio
between ion and electron density, as shown in Fig. 2, with
each species characterized by a Maxwellian velocity dis-
tribution having a temperature T; and T,, respectively.
An adjustable charge increment parameter, o, is used
to control charge evolution much like how a decreased
or increased density changes charge evolution. Unlike
in Northrop’s case, we examine a laboratory relevant
scenario where the dust thermal speed is much smaller
than the ion thermal speed. In this case, the electric field
in the plane of the gyro-motion is taken to be zero. The
ion drag force, neutral drag force, gravitational force,
and other typical forces on a dust grain are ignored for
simplicity. The magnetic field is 4 T. We assume room-
temperature ions (T [Art] = 0.0025¢V) and atoms and
1.6 eV temperature electrons for the sake of modeling the
Auburn MDPX (Thomas et al. 2012). The initial grain
speed was oriented in the inhomogeneity direction. We
also used nyp = 10'® m=3 as the background density for
a = 0.015 ym radius dust grains.

A symplectic, leapfrog integrator is used to solve the
equations of motion resulting from the Lorentz force
(Walker et al. 2013). Since Ry.; > a for our choice
of parameters, the unmagnetized currents is used. For
q <0, and for dust grain speeds much less than the ion
thermal velocity, these currents are:

v e
I, = —e41ra2n82:’}% exp (Ckque> ,

Uthi eq
I = ednan. -1 (1 —
i enanlz\/ﬁ_< Cka,)’

(5.1)
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2ky T,
where Uthei = \/73 ne = n; = Ny, Vspace - Vsurface =

q/C, and C = 4mnepa is the grain capacitance. With
these currents specified, the charge on the grain can
be updated during each charging timestep by ¢n+1 =
qn + Aqn, where Ag, = % is the n'M charge update.
Controlling the charging rate of the dust grain is a key
feature of this model, since gyro-phase drift depends on
the charging rate.

The charging rate for our set of parameters suggests
that the grain is fully charged in ~ ps, while the gyro-
period is ~ 3ms. For charging time much less than
gyro-period, the grain charges to the in-situ-equilibrium
charge at each spatial location during a gyro-orbit. There
should still be a grad-q drift, but no gyro-phase drift for
a = 0.015um, ny = 10"*m=3, and « = 1. To arbitrarily
control the grain charging and force the charging to not
be instantaneous, an adjustable charging parameter, o,
is used in the following way: gn,+1 = ¢, + Aq,, where
Aq), = 0Aq,. For o = 1, the dust grain charges without
restriction. For a = 0.015 um, ny = 10"m=3, and o = 1,
the charging time is less than the gyro-period and o < 1
is used to artificially delay the achievement of in-situ-
equilibrium charge state when plasma conditions change.
If o = 0, then the dust grain charge effectively never
changes, no matter how large the current may be to

Grain trajectories
l l l

y position (mm)

-5

X position (mm)

Figure 3. Grain trajectories for a = 0.015um and B = BZ,
where B = 4 T. The dashed and solid lines correspond
to a charging rate parameter of « = 1 and o = 0.0105
respectively. Squares and diamonds indicate the gyro-averaged
guiding centers of the trajectories for o = 1 and o = 0.0105,
respectively. The instantaneous guiding centers are represented
by the solid (o = 1) and dashed (x = 0.0105) helical lines.
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Figure 4. Radial distance from origin is grain charge normalized to the instantaneous in-situ-equilibrium grain charge (qo = —43e,
in this case) as a function of gyro-angle for « = 1 (solid line) and o = 0.0105 (dashed line). Lines appear thickened because
multiple gyro-periods are displayed and gyro-phase angle at which single-electron charging events occur are not unique and
because the thickness reflects charge fluctuation +1, —0 electron. The gyro-angle 0 = 0 refers to the +X axis here.

the dust grain. It should be noted that the numerical
method does not assume any particle drifts or charge
modulation of the dust grain a priori; the integrator
solves the equation of motion of the dust grain resulting
from the Lorentz force during the Newtonian time step
while it computes the ion and electron currents, which
are both functions of the dust grain charge, i.e. dust
grain surface potential, at each charging timestep. For
the Newton time step, 2000 points per gyrocycle is used.

6. Predictions of gyro-phase drift and
simulation results

Figure 3 shows a comparison of different grain tra-
jectories for the gradual n./n; inhomogeneity (Fig. 2)
using the OML model with instantaneous (z = 1)
and non-instantaneous (o = 0.0105) grain charging. All
trajectories are started at x = 0, y = 0, with an initial
velocity of vy = —11, v, = 0 (in units of ms™'). Also
at t = 0, the particle charge and gyro-radius for this
dust grain was —43e and 5.7 mm, respectively. The
grain is initialized with the in-situ-equilibrium charge in
order to avoid complications involved with the transient
effects from the grain starting with no electrons on
it. The trajectory of the instantaneous gyro-centers are
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also plotted, which are represented by the helical lines
having smaller radial excursions than the actual grain
trajectories.

With no charge delay (o = 1), the dust grain exper-
iences the grad-q drift only, whereas a charge delay of
o = 0.0105 results in a grain that experiences both the
grad-q drift and gyro-phase drift. As evident in Fig. 3,
the grad-q drift is along the —Vq.,/q.y X B direction.
The grad-q drift (Bliokh et al. 1994), assuming that the
grain charges instantaneously (¢ = 1), takes the form:

2 0qeq

my 1 0x =&
—5 5 Vs (6.1)
4z, B?

Vyg = _Sign(qeq)

where q., is the in-situ-equilibrium grain charge at the
gyro-center, and &g;" is evaluated at x = Xxg., With X,
being the x-component of the guiding center position.
For the inhomogeneity used (Fig. 2), if the step-like
nature of g, is approximated as a continuous function,
deq 18 a mearly linear function of x, and so %qeq can
be treated as a constant (~ 1.6 x 107'Cm™'). For
a grain with o = 1, this results in a predicted grad-
q drift of 0.369m s~!, while the value obtained from
gyro-averaging the trajectories from the simulation was
0.726 m s~!. This discrepancy in predicted values might

be a result of simplifications in the gyro-averaging.
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Figure 5. Gyro-phase drift magnitude and direction dependence on the adjustable charge-rate parameter o. A: The magnitude is
normalized by the perpendicular velocity, v, = 11 m s~'. B: The angle 04, in degrees, is relative to the X direction. An angle of
180° corresponds to a drift direction that is entirely along the —X, and an angle of 90° corresponds to a drift direction that is
entirely along the § direction. Above o = 0.02, no gyro-phase drift occurs for this case. Below o« = 1074, neither gyro-phase nor

grad-q drift occurs for this case.

The grain charge as a function of gyro-phase for the
two different trajectories in Fig. 3 is shown in Fig. 4. For
both trajectories, the grain charge at each gyro-angle is
normalized by the in-situ-equilibrium grain charge that
the same grain would attain at the instantaneous gyro-
center corresponding to this gyro-angle (q(0)/q.(x =
Xgc(t))). A grain having a fixed grain charge in gyro-
phase would be displayed as a circle with radius of 1
in this kind of plot. The evolution of particle charge
is tracked for approximately five gyro-periods. For the
o = 1 trajectory, the resulting plot in gyro-angle is nearly
circular in shape, although its center is offset from the
origin, as expected for the inhomogeneous-plasma case.
For 0 = 0, the grain has the fewest number of electrons
during a gyro-orbit, and for 0 = =, the grain is maximally
charged negatively during a gyro-orbit. The discrete
steps apparent in this plot, which yields a circular
sawblade-like appearance, are representative of a net
loss or a gain of one electron from the previous, discrete,
circular-arc step. Additionally, between these sudden
transitions, the grain continuously gains and loses an
electron, causing its charge state to fluctuate rapidly
between each new pair of neighboring charge states. This
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fluctuation increases the line thickness dq = |gu+r1 — ¢nl
to be a single + element change e. During each gyro-
cycle, the same pattern is retraced in the g versus gyro-
phase angle plot for a dust grain having « = 1. The
choice of initial gyro-phase does change the in-situ-
equilibrium charge at the guiding center g, but it does
not appreciably alter the plots in Fig. 4.

In contrast, for the o = 0.0105 polar plot in Fig. 4, the
same pattern is not retraced for each gyro-cycle. If both
o =1 and o = 0.0105 grains start at 6 = n/2 in gyro-
phase, the o = 0.0105 grain will subsequently become
undercharged with respect to o = 1 as both grains follow
trajectories in physical space that go into increasingly
non-neutral (negative) plasma. As 6 increases past = m,
both grains are leaving the region where the n./n; ratio
is highest. However, because the o = 0.0105 grain does
not immediately reach the in-situ-equilibrium, it stays
undercharged with respect to « = 1 past 6 = =, reaching
a maximum value at § = 200° with standard deviation
of 9° in Fig. 4. This maximum charge state for the
o = 0.0105 grain is between the 0 = m charge states of
the two grains. The o = 0.0105 grain is now overcharged

with respect to o = 1 after 6 = 200°. For 6§ > %Tl',,
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both grains are entering the region where the n./n;
ratio is decreasing, and are becoming less negatively
charged. The o = 0.015 grain does not immediately reach
the lower in-situ-equilibrium charge state, achieving its
smallest charge state when the two grains again match, at
0 ~ 20° with a standard deviation of 1°. The capacitive
effects of grain charging that are inherently present
in the OML model ensure that the dust grain never
reaches the in-situ-equilibrium charge during a gyro-
orbit if the charging rate is low enough, as is qualitatively
demonstrated in Fig. 5.

The magnitude of the gyro-phase drift velocity and
the direction with respect to the inhomogeneity direction
varies with the value of the charge delay parameter («),
reaching a peak near 1072 (Fig. 5). When the grain has
no delay (¢ = 1), it charges to the in-situ-equilibrium
charge much faster than it completes a gyro-orbit, so
there is no modification to the particle trajectory beyond
the effect of the grad-q drift (which is an effect arising
only from gyro-synchronous charge variation). As o
is lowered, the gyro-phase drift reaches a peak when
the charging timescale is comparable to the gyro-period
timescale (Walker et al. 2013). As « is further lowered,
the grain changes charge state sufficiently slowly during
a gyro-orbit that it does not change charge state enough
during a gyro-orbit that negligible modification of the
o = 1 gyro-motion occurs and both gyro-phase and
grad-q drift vanish. This is reflected in Fig. 5, in that
the gyro-phase drift magnitude steadily decreases and
the direction of the guiding center drift approaches
Odarieec = /2 (using the same polar coordinates), as o
is lowered beyond « = 1072, consistent with the grad-q
drift also steadily decreasing.

The gyro-phase drift is a direct consequence of the
non-stationary charging process of dust grains when g,
is spatially inhomogeneous, as demonstrated in Figs. 3—
5. Non-stationary charging has been previously demon-
strated to be important in laboratory conditions (Nun-
omura et al. 1999).
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